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PROGRESS OF PLANT PHYSIOLOGICAL INVESTIGATIONS 
IN CZECHOSLOVAKIA 

Silyestr Peat 
(with one plate) 

The country Bohemia (Cechy) in Czechslovakia (Ceskoslovensko), and 
especially the Czechoslovak capital Praha Prague, has a prominent posi- 
tion in the history of plant physiology. Five years ago the hundredth 
anniversary of the birthday of Julius Saci-is as founder of plant physiology 
was commemorated (Plant Physiol. 7: 179, 750. 1932). It is necessary 
to emphasize that Sachs started his investigations in Praha. He was called 
to Praha by J. E. Purkyne, professor of physiology at the medical faculty. 
On December 17, 1937, we celebrated the 150th anniversary of the birth 
of physiologist Purkyne. Jan Ev. Purkyne was not only inventor of micro- 
scopic technique but he also was the author of the cellular theory; he did not 
publish anything special in plant physiology, unless we consider the book 
De ceMulis antherarum fibrosis as a thema belonging to physiological anat- 
omy. But there is no doubt that Purkyne was a teacher and leader of his 
young collaborator, J. Sachs. In the laboratory of Purkyne in Praha, 
Sachs learned the experimental methods ; in Praha he finished his studies, 
got his doctor degree (1856), and was the first privat docent for plant physi- 
ology in the whole world (1857). About twenty papers by Sachs are pub- 
lished in the Czech journal Ziva. The river Vltava in Praha furnished the 
water for the water-cultures in Sachs’s experiments, and the success of this 
work was the cause of Sachs being called, in the year 1859, to Tharandt in 
Germany. For a long time after Sachs left Praha, there was practically 
no development of plant physiology in Czech countries. But we must men- 
tion, that in the year 1866, G. Mendel published in Brno (Moravia) his 
experiments about cultures of plants which later on were the basis of genetics. 

In the year 1872, a plant physiological laboratory was established aUthe* 
German university of Praha for Prof. A, Weiss. His successors were H. 
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Molisch, the developer of plant microchemistry, and .F. Czapek, known for 
his Biochemie der Pflanzen. 

In the Czech university of Praha, known as Charles University, not till 
in the year 1898 was a laboratory for plant physiology founded, and opened 
in 1900 under the direction of Dr. Bohumil Nemec. His laboratory was at 
the beginning very small and very poor ; but soon it became very well known, 
not only in his country but also in foreign countries. Many biologists from 
all countries are drawn to his laboratory by the attractive personality of 
Professor Nemec. He brought plant physiology into close contact with 
cytology. Nemec obtained his first training in scientific work in the zoolog- 
ical laboratory of Professor Dr. F. Vejdovsky; and his first publications 
are in zoology. The knowledge of zoology often proved invaluable in the 
work of Prof. Nemec both in general conceptions, as for instance in the 
application of zoological mierotechnic in botany ; and in details, as, e.g. 9 in 
the study of zooceeidia in plants and their relation to physiological anatomy. 
As early as 1899, it was shown clearly by Nemec that there is a wave in the 
viscosity of protoplasm during mitosis, a fact which, nearly forgotten, “was 
not until thirty years later rediscovered, and then led to a detailed analysis 
of the cell from the viewpoint of colloid chemistry. Nemec was the first 
investigator to publish measurements of the viscosity of protoplasm (1901) 
in relation to temperature (measured by the speed of fall of starch grains) ; 
and his especially keen biological intuition is shown in the fact that he used 
intact plants or tissues, and not only sections, in his experiments. These 
facts lead to the conclusion that the basis of colloid chemistry of living 
matter and of experimental cytology was laid down in Czechoslovakia 
about the year 1900 by Nemec. He also devoted much time and effort to 
the problem of the structure of the cell, nucleus, and chromosomes (the first 
photomicrographs of living chromosomes in ultraviolet radiation were made 
in collaboration with Prof. Kruis). The theory of statolith starch grains 
in geotropic responses, first defined by Nemec, was cited and accepted by 
Haberlandt, and now as generally known and acknowledged, must be con- 
sidered in any thorough discussion of geotropism. 

Extensive study concerning regeneration is a theme to which Nemec at 
different periods of his work has returned. Not only the regeneration of 
roots and leaves, but special cases of regeneration in f ungi must be mentioned 
here. In the hard tissue of wood fungi (Polyporaceae) which never before 
were used in physiological experiments, very good objects of astonishing 
regenerative capacity and reactivity were found by Nemec. The regenera- 
tion studies are closely related to experimental morphology in which NeMec 
published some papers concerning development, dorsiventrality, and other 
-problems which are handled not only descriptively but are always discussed 
and worked through in close relation to physiology. 
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Nemec made many studies on irritability, eonductibility, reactivity, and 
tropisms of plants. In extensive studies on mixoploidy Nemec is studying 
the problem of reactivity of the organism and the principal problems of indi- 
viduality. The last epoch of work of Nemec includes extensive studies about 
minor elements in plants, based on exact analysis of ash; the experiments 
are conducted with many collaborators. 

The Czech students are obliged to Professor Nemec for excellent text 
books in plant anatomy, physiology, and general biology. Notwithstanding 
the fact that they are written in the Czech language, their illustrations are 
praised and highly esteemed in foreign countries. 

The bibliography of the works by Prof. Nemec is too long to be reprinted 
here ; it is in extenso published in Preslia 2 : 5-12. 1923, and supplemented 
in Preslia 11 : 3-10. 1932 ; 12 : 69-70, 117-118, 164-166, 207. 1934 ; 13-15 : 
337-338. 1936. 

Professor Dr. B. Nemec, the first professor of anatomy and physiology 
of plants at Charles University, can be said to have brought plant science 
in Czechoslovakia to the peak of its development. He is conducting not 
only his own scientific work, but he is also incorporating his work and that 
of Ills many students into the international fabric of botany. His work has 
exerted a profound influence upon the development of botanical science 
during the last forty years, and will continue undoubtedly for many decades 
as one of the major .forces in determining trends of botanical research. All 
research and experimentation developed rapidly in Czechoslovakia after the 
World War. The foundation of new universities, schools, and research 
institutions made possible a great extension of the work. Nearly all botanists 
working and teaching in Czechoslovakia, and some in foreign countries, are 
students educated in the laboratory of Professor Nemec ; and the progress 
of Czechoslovak plant-sciences can be followed in publications not only in 
the Czech but also in international scientific journals. 

Charles University 

Praha, Oeskoslovensko 




RECOVERY PROCESSES OF PONDEROSA PINE REPRODUCTION 
FOLLOWING INJURY TO YOUNG ANNUAL GROWTH 1 

C. K. COOPERRIDER 

(with thirteen figures) 

Introduction 

In the plateau region of northern Arizona peculiar geologic formations 
account for the lack of the living natural waters that are typical of most high 
mountain districts. They also exert a profound influence on the plant 
growth, and the character of forage through their effect on soil and avail- 
able moisture. In the forested areas most affected by these formations ani- 
mals are particularly apt to browse pine reproduction. Tip moths are also 
very destructive in places, sometimes over large areas. Thus control of 
injury to young trees, the future forest, is an important problem in the 
management of these forest lands. 

In order to exercise proper control, it is necessary to know at least some- 
thing of what constitutes serious injury. This depends not only on the 
degree to which pine seedlings are damaged but also on the power they 
have to recover. This recovery phase of the problem was investigated in 
connection with a long-time range-timber reproduction study. Recovery 
was found to depend principally on the powers ponderosa pine has to 
replace lost shoots through the development of extraordinary buds. 

Literature 

A review of the literature has revealed but little concerning the power 
of pines to replace those shoots browsed off by animals. Busgen and 
Munch (1) say, 4 4 In general the tendency to epicormic branch formation is 
less in conifers than in broad-leaved trees. Our Scots pine opens dormant 
buds only in extremity, after complete defoliation by caterpillars. A few 
dwarf shoots with ordinary double needles may then be formed from dormant 
whorl buds, and the dormant eyes between the destroyed needles of the 
dwarf shoots may become rosette shoots. . . 

Busgen and Munch continue their discussion with statements con- 
cerning conifers, as follows: 4 4 The North American Finns rigida, not 
infrequently cultivated in Germany . . ■ develops preventitious shoots 
very readily even on old stems. 7 ’ (No statement pertaining to the cir- 
cumstances of development is made.) These authors state further that 
4 4 the clothing of the stem with green and the replacement of lost shoots, 
i Publication of the Senior Range Examiner at the Southwestern Forest and Range^ 
Experiment Station, maintained at Tucson, Arizona, by the Forest Service, United States 
Department of Agriculture, in cooperation with the University of Arizona. 



6 


PLANT PHYSIOLOGY 


besides being brought about by dormant buds produced normally on the 
young annual shoots (preventitious buds) may be effected through so-called 
secondary buds ... in the axils of leaves or bud scales in which no per- 
fected bud would normally have developed. The power of producing such 
secondary buds is possessed especially by the spruce, and on this to a great 
extent depends the inexhaustible power of recovery after cutting or grazing 
which makes it so suitable a hedge plant. 77 

This “inexhaustible 7 7 power of spruce trees to recover was observed years 
ago on Engelmann spruce ( Picea engelmanni) on too frequently used sheep 
bed grounds in the high mountains of northern New Mexico. 

When substitute buds were observed on ponderosa pine (1925), it was 
considered most unusual, for there seemed to be a common belief that loss of 
terminal buds or shoots cut short the development of young pines and that 
when the primary leader and lateral were destroyed, recovery depended on 
the presence of an uninjured lower branch. Before this, in writing of sheep 
injuries to ponderosa pine in Idaho, Sparhawk (5) recognized recovery 
through the ascendancy of a side branch and probably the development of 
buds also when he said, “An uninjured side branch or a new bud takes the 
place of the leader. . . . 7? Hill (3) also recognized the common occurrence 
of recovery where the leading growth was destroyed but does not describe 
any recovery process. During recent years several authors, including Gra- 
ham and Baumhofer (2), Kienholz (4), and Wakeley (6), have described 
growth from substitute buds following tip moth and frost injury to pines. 

Observations 

Unmistakable evidences of substitute bud and shoot development on 
browsed ponderosa pine seedlings were observed during the late summer 
of 1925 and again in 1926 while working range study plots in the forests 
of northern Arizona. In 1927 intensive investigations on the relation of 
grazing to natural regeneration on cut-over timberlands were initiated in 
the same district. These studies, which were continued over a period of 10 
years, offered the opportunity to determine the processes and circumstances 
of extraordinary shoot development. In addition, observations were ex- 
tended to the main pine forest areas of Arizona and New Mexico and to 
some extent to those of southern Colorado. 

Cattle and browsing game animals, as well as sheep and tip moths, did the 
principal amount of injury to seedlings older than 3 years, whereas cutting 
off top parts of the younger seedlings was done mainly by rodents. Brows- 
ing by livestock and game animals, although common and severe in some 
districts, was lacking or almost so in other districts. 

*The replacement of lost current growths through the development of 
substitute buds or shoots proved to be common. It was also found that 
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there are several different processes whereby ponderosa pine develops sub- 
stitute buds and shoots, particular development depending on a number 
of circumstances or factors, such as time when injury occurred in relation 
to annual shoot growth, factor causing injury, and the parts of a plant 
removed or injured. 

Processes of recovery 
Substitute growths 

The replacement of lost shoots on older plants takes place on stubs of 
shoots left and on the stems from which shoots have been removed. 

Substitute growths on young shoots. — These may open when needles : 
are left on the stubs of injured shoots through development of (a) needle- 
bundle buds between the needles of the uppermost bundles left, and (b) 
rarely through whorl buds and the secondary buds in the axils of scales ; 
but stubs without needles die. 

Substitute growths on old stems. — Such growths may develop from 
(a) dormant whorl buds, (b) secondary buds in the axils of scales from 
which no short shoot sprang, and (c) buds of unknown origin herein dis- 
cussed under other substitute growths . 

Substitute growths in juvenile seedlings. — In plants of the cotyledon 
stage these growths commonly arise from (a) dormant buds that are a part 
of the growth point above the cotyledons, and in 1- and 2-year-old plants 
from (b) dormant buds in the axils of primary leaves. None of these dif- 
ferent growths are considered adventitious, because they arise from buds 
formed in due order or from the dormant eye between the needles of short 
shoots. This excellent statement concerning adventitious buds is taken 
from Busgen and Munch: “They must not be confused with the dormant 
buds . . which while they may indeed produce shoots out of proper order, 
were nevertheless originally formed in due order from cells whose active, 
formation has already ceased. This is the case, for example, with Begonia 
leaves which the gardener cuts off and places in moist sand for propagation 
purposes. ? y 

In order to make clear the different processes of substitute shoot de- 
velopment, the normal growth habits of pines will be briefly presented 
here. 

Pines 3 years and older have two distinct forms of branches or shoots, 
long and short. Long shoots bear the scale leaves and short shoots (also 
known as modified stems, dwarf shoots, and spurs) the needle bundles or 
foHage leaves. There is an entirely different behavior in young pines less 
than 3 years old. On the first growth above the smooth cotyledons and also 
on the leading growth of the second year are borne spirally arranged* 
single-toothed leaves known as primary leaves, so closely spaced as to 
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r ^ I( *- L Stubs of browsed shoots: 1, resin-capped stub with several needle bundles, 
showing early stages of bud development in the two uppermost bundles; 2, stub with a 
very young bud (from a small plant) ; 3, stub (dying for lack of foliage) ; 4, stub with 
only one needle bundle in which bud development has begun. 


resemble tufts. Branching begins the third year with the development 
of long shoots. 

Substitute growths on young annual shoots. — Unstimulated dormant 
buds (whorl buds and secondary buds) and likewise the eye initial within 
each needle bundle remain asleep. Either may aw T aken when the buds or 
growth point above them are destroyed. The inconspicuous dormant whorl 
buds lie close below the shoot’s tip, hence they seldom escape being taken 
with the part of the shoot browsed off by animals. Likewise, if tip moth 
larvae kill a shoot’s tip, the dormant whorl buds are destroyed also. Sec- 
ondary buds (dormant buds in the axils of scales and from winch no short 
shoots grew) develop only when foliage persists to keep the stub alive, 
and then only rarely. Needle bundles, on the other hand, are usually left 
on the stubs of browsed shoots and development of eye initials is common. 
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Needle-bundle buds 

Browsing animals and tip moths attack young shoots in early summer, 
mainly during the latter two-thirds of the period of elongation. When 
browsing, animals jerk off growing terminals, usually leaving stubs 1 or 
more inches in length with needle bundles. Development of the eye initial 
in one or more of these soon begins. A similar development takes place fol- 
lowing tip moth injury, but the effects of tip moth continue throughout the 
several weeks’ period of development of the larvae in a shoot and subsequent 
bud development is much less likely to take place. Stubs without needle 
bundles soon wither and die. 

Typical development of needle-bundle buds takes place on stubs of 
browsed-off young shoots, such as those in figure 1. The stub of a browsed- 
off shoot exudes a clear sticky resin that soon hardens and covers the injured 
tissues. The earliest indication of bud development is a slight swelling 



Fig. 2. X. Needle-bundle buds on the stub of a shoot that was browsed in June 
(photographed in August). The bud on the left is typical of development in the fall, 
following injury. The bud on the right has begun growth. Some needles were removed 
to aid photographing. Y. Three stages in the development of an extraordinary bud or 
shc*ot from an eye initial. A, stub of a shoot soon after injury, showing the usual stage 
* of needle growth when browsing begins. B, the same stub, in August, with a well-devel- 
oped needle-bundle bud. C, extraordinary shoot (on stub shown in B) 1 year later^ 
Note the peculiar needles (a, b, c) of the bundle from which the substitute growth opehed. 
Note also how perfectly the new shoot has become a part of the stem. 
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within the paper-like sheath of one or more of the uppermost needle bundles 
on a stub. Such development becomes noticeable about 30 or 40 days after 
injury, but a slightly magnified section of the uppermost needle bundle, the 
one most likely to develop a bud, will show development of the eye initial 
in a much shorter time. Buds that appear early in the summer develop 
rapidly and may elongate into shoots several inches long by October. Cur- 
rent development usually is confined to buds (never more than one to a 
short shoot), hereinafter called needle-bundle buds which, in the fall, resem- 
ble the terminal buds of normal shoots (fig. 2). 

During the period of development, such a bud swells, breaks the needle 
sheath, and pushes the needles apart until they appear to be single leaves 
on a short shoot which now bears a well-developed bud. Thus such a short 
shoot has begun to function as along shoot. 

The part of any grazed-off stub above its uppermost needle bundle soon 
withers and sloughs away. As the young bud develops, it turns upward 
and, particularly on the stub of a primary shoot, gradually pushes the 
sloughing tissues above it away and becomes the new terminal bud of the 
injured shoot (B in Y, fig. 2). Recovery through the growth of such a bud 
often is so complete that the only indication of past injury is a rind union 
or crease which resembles a finger-joint line on the palm side of the hand. 
This crease is formed by the union of the new shoot, which turns upward 
across the injured end of the stem, with the rind on the opposite side of the 
old stem from which the needle-bundle bud developed. 

Change in function of a short shoot, such as is brought about through 
development of its eye initial, also is indicated by the needles the shoot bears. 
These needles attain abnormal size and become so broad at the base as to 
resemble the leaves of the century plant or agave (X, fig. 2). They set early, 
whereas normal needles remain soft at the base and may be easily pulled 
from the sheath so long as they grow, usually until late fall. The needles 
surrounding a needle-bundle bud also become so fibrous and firmly fixed 
that they are never, shed as are the normal needles but, unless knocked off, 
persist even after death. Some plants kept under observation retained such 
needles after 9 years. In fact, these peculiar needles, which become fixed 
because the short shoot on which they grow becomes a stem and is not shed 
with the leaves as ordinary short shoots are, furnish unmistakable evidence 
of former injury. They have been found persisting on the lower part of 
the main stems of trees, as the one in A of figure 3, that were from 15 to 
25 feet tall. 

Incidentally, the needles of bundles from which buds spring sometime 
clearly show that the foliage leaves, which may be short when shoots are 
•brqwsed, grow from the base and not from the tip end. The needles are 
particularly apt to adhere to the sheath of a bundle in which bud develop- 
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Growths on old stems 

Substitute growths.— Old stems as well as current growths may de- 
velop substitute shoots. Furthermore, when vigorous plants are pruned 
severely for several years, the stubs of current shoots with foliage leaves 
may develop needle-bundle buds and old stems bearing these stubs may 
develop substitute growth from whorl or secondary buds. Usually shoot 
development on old stems takes place in extremity, or where no stubs of 
shoots with needle bundles are left. 


When tip moth and browsing animals severely damage young pines, 
leading terminal and lateral shoots sometimes are killed or pulled off close 



Fis. 4. X Three stages in the development of substitute growth from a dormant 
whorl bud. A, main stem with three stubs of browsed shoots without any needle bundles 
(June) . B, new shoot, (a) opening from a whorl bud on the old stem (Aug.) . The dead 
stubs have shrunk. C, substitute shoot 1 year later (Aug.). The second year following 
injury the main stem was almost straight. Y. Two kinds of substitute growths on a 

^ browsed plant. A, new shoot opening from a whorl bud on old stem. B needle-bundle 

bud on stub of browsed-off shoot. Note the short prnwHic ; . 

... ^ " 7 l growths that resemble primary leaves 

cm shoot A and the needle bundles m the axil of the lower of these leaves. The old stem 
is that part with mature foliage. 
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to the old stem bearing them. These lost shoots usually are replaced 
through development of either dormant whorl or secondary buds on the old 
stem. 

Dormant whorl buds. — Whorl buds open readily from uninjured year- 
old stems, but where injuries occur year after year stems that have been 
tipped when they were shoots have no whorl buds. The absence of whorl 
buds on some stem growths, however, does not prevent recovery, for these 
buds may develop and open shoots on stems 2 or more years old. 

When the growth of the old stem that bears the stubs of lost shoots (A in 
X, fig. 4) was not injured the previous year, the year it was a terminal shoot, 
one or more of its sleeping whorl buds located just below the dying stubs is 
almost certain to awaken. Sometimes both needle-bundle and whorl buds 
develop, as is the case in Y of figure 4. These whorl bud growths from their 
beginning resemble elongating shoots. No conspicuous buds form, as in the 
case of the development of needle-bundle buds. Instead, a cluster of scales 
and of needle points which otherwise resemble the cone of an elongating 
normal shoot burst forth, making shoots 1 or more inches long and some- 
times much longer the year the plant was injured (B in X and A in Y, fig. 
4). These current growths from whorl buds are easily distinguished by 
their short needles which are crowded on short stem growths, resembling the 
well-known secondary growth of a normal shoot, which growth also takes 
place so late in the season that it is stunted by low fall temperature. 

Plants that have been injured and have recovered through the growth 
of dormant whorl buds show that such injuries may be detected with reason- 
able certainty years after they occur. Whorl bud growths having much 
longer base than top needles are cone-shaped. Any growth length of the 
main stem of a plant, which is much shorter than the lengths above and 
below it and which bears the short crowded needles referred to or their scars, 
is from a whorled bud, or is normal secondary growth. Such a growth, par- 
ticularly one without side branches near its base (laterals are uncommon in 
the ease of whorl bud growths), when accompanied by stubs of shoots or 
their scars and/or a slight crook in the main stem, is unmistakable evidence 
of shoot injury and recovery through bud development (fig. 5). 

Where main stems are the product of uninjured shoots and stubs of 
shoots, dormant whorl buds may be lacking on stem growths 1 or more years 
old, because they have been destroyed. In such cases new shoots have been 
observed on stems 2 or more years old. Wood sections and the location near 
the tips of annual growths indicated whorl-bud origin of these shoots. 
Fu#hermore some records were taken in sufficient detail to determine which 
* stem growths were uninjured when they were current shoots, and thus which 
ones might have dormant whorl buds. * , 

Secondary buds. — Still other but rather rare-occurring substitute shoots 
were observed on vear-nld a t.pm« ’Vh^r — 1 x -~ 1 - - * 
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Pig. 5. A many-times injured plant, height 18 inches, illustrating the peculiar 
appearance of current growth from whorl buds, accelerated growth following release from 
injury, and recovery. A, shoot growth (1933) from one-half inch stub (a) of a browsed 
(1932) shoot. B, late season whorl-bud growth (1931) following early summer loss of 
shoots. The visible part of the main stem is the product of two uninjured growths (A 
and B, both from extraordinary buds) and three short stubs of shoots. The uninjured 
1933 growth (A) represents one-half the total height of the 13-year-old tree. 

been tipped when they were shoots and from which needle-bnndle-bud 
shoots had opened and been destroyed the following year. Thus such a 
year-old stem had no whorl buds left and the shoot stub it bore had 
neither whorl buds nor needle bundles from which substitute growth could 
develop. These old-stem shoots were considered to arise from dormant sec- 
ondary buds because of their location with respect to the axils of scales from 
which no short shoots had developed. To definitely establish the fact/ more 
detailed morphological study than has been made is necessary. 

' ' ■ ■ * 

Other substitute growths 

* * Small shoots which resemble the slow-growing terminals of oldest side 
branches appear from time to time on the main stems of young pines below 
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their oldest side branches. They open on uninjured as well as injured 
plants, but occur principally before the stem is covered with thick flakes of 
corky bark. They may last no longer than the foliage leaves they bear or 
they may put on puny terminal growth for only a year or two. But if the 
leading growths above are lost, passive main-stem shoots may become active-, 
may put on annual shoots similar to those of normal leading growths, and 
may become the main stems. 

Vigorous shoots similar to those of normal leading growths may also 
spring from the lower main stems of repeatedly damaged plants. The origin 
of many of these main-stem shoots seems to bear relation to the location of 
dormant buds. Such awakened buds push through places where the rind is 
thin, as scale scars and where the inner bark is exposed in vertical cracks 
which are so common in the smooth rind of the main stem of young pines. 
Sometimes vigorous shoots springing from cracks in the rind seem to bear no 
relation to the probable location of any dormant buds; possibly they are 
adventitious. 

Adventitious budding is also indicated by the opening of shoots from 
wounds. To illustrate : A small pine was found cut off close to the ground, 
presumably by a porcupine. The following summer a vigorous shoot ap- 
peared above the grass at the mapped location of the cut-off plant. It sprang 
from the cut surface of the stump’s rind but may have grown from a dor- 
mant bud. Were this the case, the rarity of their occurrences could be 
explained by the small number of young pines that are cut off when a stim- 
ulus for growth is on and by the poor chance that many of them would be so 
severed as to expose some dormant bud that still retained its vital connec- 
tions with the stem. 

Substitute growti-i in juvenile seedlings. — Extraordinary budding 
readily takes place in seedlings in the primary leaf stage. The only animals 
that appreciably injured seedlings in the cotyledon stage or during the year 
of germination were rodents, although mortality from other causes, such as 
drought, was very high. 

Rodents, principally ground squirrels and mice, may be very destructive. 
They cut off the stems of many young plants and all or a part of the cotyle- 
dons of others. Most of the injured cotyledons are taken before or while 
unfolding and in a manner that could not be done by any large-mouthed 
animal. Small rodents do this when they take the seed coats from germi- 
nating plants. This accounts for the fact that any number of the leaflike 
cotyledons (fig. 6A), from all to only a few, or any amount of all or only a 
few cotyledons may be cut off, the parts taken depending on the parts still 
in the seed coat when it is taken. 

Obviously when a seedling was cut off below the cotyledons it died, %ut 
many rodent-damaged plants with only a few cotyledons or parts of them 
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Fig. 6. Growths on young seedlings. A, cotyledon stage (ordinary growth soon 
after shedding of seed coat). B, substitute growths that are similar to the lost first lead- 
ing growth. (The first leading growth was bitten off below all leaves (a). The substi- 
tute growths, with primary leaves, opened from a point above the cotyledons, which per- 
sisted.) C, substitute growths (a) in the axils of primary leaves. (A part of the leading 
growth (7b) of the second year was lost.) I), substitute growths on a three-year-old seed- 
ling; a, growths, with primary leaves in the axils of primary leaves; b, a needle-bundle 
bud. (The plant’s first long shoot was bitten off leaving one needle bundle on the stub 
(c) of that growth and primary leaves on the older growth.) 


survived. Where such injuries occur without damage to the plumule, the 
plant develops normally. The first leading growth above the cotyledons also 
was. commonly damaged by rodents and sometimes by browsing animals. 
Recovery from such injnry took place through the opening of substitute 
growth at a point above the cotyledons, as is shown in R of figure 6. 


Growth the second year 


Under average conditions, substantial primary growth begins when seed- 
lings are nearly 1 year old. The leading growth above the cotyledons is so 
nearly covered by primary leaves that even if such growth "were cut off by 
rodents or jerked off by browsing animals, some undamaged leaves usually 
were left. Buds and then new growths (one bud to a leaf) may open in the 
axil of one or more of the uppermost of these leaves soon after injury. They 
open rapidly, forming new growths (C, fig. 6) which also bear primary 
leaves. 

Sometimes when substitute growth is injured soon after it is made, a 
second growth forms on the remnant of the first and after the same manner 
as the first. This exceptional ability to produce more than one substitute 
growth in a season is accounted for by the tendency of pines in the primary- 
leaf stage to grow throughout the summer rather than to complete growth. 
* el<5ngation during early summer, as older plants usually do. 
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Growth the tpiird year 

During the third year normal seedlings form long shoots from buds nest- 
ing in the axil of some primary leaves of the second year’s growth. The first 
long shoots may bear more than one short shoot or may be so small as to have 
only one with good foliage leaves. As a rule, only shoots of appreciable 
length are damaged by browsing animals, but tip moths injure smallest shoots 
also. 

When a first long shoot is killed, an undeveloped bud in the axil of some 
primary leaf opens and a new shoot soon takes the place of the one destroyed. 
Should the substitute shoot be injured so as to leave a short shoot with foliage 
leaves, a needle-bundle bud develops after the manner already described, 
which is shown in D of figure 6. 

Substitute budding, to be expected 

It seems appropriate at this point to call attention to the relation of extra- 
ordinary buds and shoots to the normal life of pines. 

As has been pointed out, young pines, beginning with the cotyledon stage, 
have dormant buds which possess powers of growth similar to those of pri- 
mary buds. 

The needle-bundle bud may be considered the most unusual of the sub- 
stitute growths, unless possibly pines do produce adventitious buds, and this 




Fig. 7. X, cross-section, of a young shoot and longitudinal section of one of its short 
shoots (ponderosa pine), showing the relation between the eye initial in the needle bundle 
ancfthe shoot (enlarged 9 diameters). Y, the eye initial a growth point. A, longitudinal 
section (ponderosa pine) through uninjured long and short shoots, showing the connection 
between the eye initial and the vital parts of a young shoot. B, the stub of a browsed*® 
shoot, showing early stages in the development of the eye initial into a needle-bundle bud. 
(Enlarged 9 diameters.) 
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has not been definitely established. But are there any good reasons why 
development of the needle-bundle bud should be unexpected ? A short shoot 
is but a branch of a long shoot. It retains all its connections with the parent 
long shoot when current growth and occasionally when 1 or 2 years old. It 
has an eye initial on its tip. Thus a short shoot has all the parts required 
for transformation into a long shoot if called on to so function (fig. 7). 

At the time these observations were begun, beliefs regarding substitute 
budding may have been influenced by the behavior of particular pines. 
Perhaps the tendencies to substitute shoot development may be much less in 
some species than in others, or some may not form such shoots at all. 
Graham and Baumi-iofer (2) show that tip-moth ed ponderosa pine devel- 
oped needle-bundle buds less readily than other pines studied at Halsey, 
Nebraska. On the other hand, men who were shown examples of substitute 
budding in the Southwest and who suggested that ponderosa pine may have 
a particular tendency toward epicormic branching, have since found these 
extraordinary growths on pines in other regions. As a matter of interest, 
one or more of the forms of substitute shoot development that has been de- 
scribed for ponderosa pine has also been observed in the southwestern yellow 
pines, Chihuahua ( Finns leiophylla) and Arizona ( P . arizonica ). 

The suggestion that this tendency may be peculiar to 3-needled pines has 
also been received. As regards white pines, a few limber pines (P. flexilis ) 
occur in the same general region where ponderosa pine was studied. They 
produce extraordinary growths when injured quite as readily as do pon- 



e 8. Extraordinary growths on a young limber pine, which shoots opened from 

needle-bundle buds, as evidenced by the five needles (characteristic of limber pine) at the 
base of each shoot. 
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clerosa pine (fig. 8). Such growths have been found on Mexican white pine 
(P. strobiformis) also. So far as is known, there are no other records of this 
growth phenomenon in white pines. 

In ornamental plantings in the Southwest, evidence of recovery from 
injury through development of needle-bundle buds has been observed on 
several different unidentified young 3- and 5-needled pines and on the 
2-needled Scotch pine (P. sylvestris). 

Factors causing injury, in relation to recovery 

Destructive factors, the injuries they do, and the circumstances under 
which injury takes place will be discussed in other presentations for publi- 
cation — those presenting the results of the grazing-timber reproduction study 
previously mentioned. Only summarized statements of findings which show 
the influence different factors have on extraordinary bud development will 
be given here. 

Tip moti-is 

Tip moths deposit eggs on. the current growth of pines during the early 
period of shoot elongation. The larvae, on hatching, eat into and sometimes 
through the entire length of a shoot. Badly affected shoots die; others die 
in part (fig. 9). In any event, moth injury influences the chances and proc- 
esses of recovery somewhat differently than mechanical injury, as from 
browsing. If only the tip part of a moth-injured shoot dies, as is frequently 



Fig. 9. Three tip-mothed ponderosa pine shoots. Left, only the tip was injured, but 
all except the lower four or five bundles were affected, and they show no evidence of bud 
* development. Right, entirely dead (the three lower needle bundles developed before the 
larvae reached them). Middle, shoot, nearly full growth, damaged only at tip and side. 
Such a shoot that attains nearly full growth before its tip dies and that has many unaf- 
fected leaves does not, as a rule, develop needle-bundle buds. 
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the case, needle-bundle buds may or may not open. In contrast to other 
injuries, the effect of moth injury is progressive and cumulative ; it may 
possibly be toxic. Larvae may be active throughout most of the period of 
shoot elongation, and any foliage leaves that survive may become stunted 
and weak. When living but weakened leaves are left on a shoot, no needle- 
bundle buds usually develop. 

The stage of development of pine shoots at the time moth larvae become 
active may vary considerably from year to year. In some years when moths 
fly early and their larvae attack shoots during the early period of elongation, 
the chances of recovery through opening of needle-bundle buds is seriously 
affected. Such years were 1927 and 1928, when examinations of thousands 
of moth-injured shoots showed needle-bundle buds on less than 1 per cent. 
In years when moths fly late, the vigorous and rapid shoot growth of mid- 
season seems to counteract the damaging effects of larvae and many injured 
shoots have only destroyed tips or sides, in which event a large percentage 
of the shoots with undamaged foliage leaves develop needle-bundle buds. 

Where shoots are destroyed to the extent that no needle-bundle buds open 
from them, whorl buds commonly develop on the old stems below the larvae- 
destroyed leading growth. However, where substitute shoots from whorl 
buds are moth-injured, the chances of additional substitute growth are 
greatly reduced, because of the lack of other dormant buds from which 
such growths might open. The cumulative effect of injuries and the small 
percentage of recovery through needle-bundle buds indicate how serious tip- 
moth damage may become. Some tip-mothed plants (in places nearly 
all of them) on large areas, particularly in warmer parts of southwestern 
pine forests, remain bushy and deformed until they reach a height beyond 
which moths ordinarily fly. However, most tip-mothed trees apparently do 
recover ultimately. 

Tip moths are particularly destructive to small plants during the first 
few years of long-shoot growth; for their shoots are small and any affected 
shoot usually is completely destroyed. Small plants soon become bushy on 
account of recurring injury to leading growth and regrowth through opening 
of numerous substitute buds. 

Browsing animals 

Browsing animals took only young shoots and, excepting deer, browse in 
about the same manner and during the same period. 

Any browsing of consequence by cattle, sheep, and antelope occurs during 
dry periods. It begins in early summer on the most advanced shoots after 
they have made substantial length growth, but while their needles are still 
* short, as those in A of Y figure 2. Browsing continues throughout the early 
summer dry period, but ceases with the first summer rains, regardless of the 
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stage of shoot development. During occasional years of few and irregular 
summer rains, browsing recurs to some extent during any extended dry 
period between rains. In most years the period of pine browsing extends 
from about mid- June to early July. 

The earlier shoots are browsed during the annual growth period, the 
sooner substitute shoots and buds appear and the more pronounced is their 
development. Where leading growth is browsed off after shoot elongation 
is complete, either needle-bundle or old-stem buds may fail to develop, at 
least to any noticeable degree during the same year. The growth of buds 
that are but slightly stimulated is tardy the following year and the shoots 
that open from them sometimes are weak and persist as side branches only. 
Thus, late injury and consequent weak substitute growth tends to produce 
the greater temporary deformities in the plant. 

Deer, in contrast to other animals studied, may destroy terminal buds 
soon after shoot elongation begins in spring. On parts of experimental 
ranges where deer congregated and where fresh deer tracks but no sign of 
other browsing animals could be found, shoots were browsed in May during 
the early stages of growth before livestock were on these ranges. 

Similar findings and general observations over a period of years showed 
that deer browse pine shoots earlier than other animals. As the season 
advanced, deer-browsed shoots became difficult to identify because livestock 
were then taking shoots, and deer scattered from the particular areas where 
spring damage was found. However, observations indicate that deer con- 
tinue to take shoots throughout the period when other animals browse. The 
most conclusive proof of this was found in the Kaibab country north of the 
Grand Canyon. Here deer have browsed shoots just as severely as cattle and 
sheep ever do and also continue browsing throughout the period of shoot 
elongation, or at least until the coming of summer rains. 

Where deer peel all the developed terminal buds from a stem, the whole 
shoot, which is then very short, ordinarily is destroyed. Under such circum- 
stances old-stem whorl buds develop rapidly and soon may form extraor- 
dinary growths that closely resemble ordinary shoots (fig. 10). Likewise, 
if the tip of a very small shoot is so taken as to leave one or more of the 
then slightly developed short shoots, needle-bundle buds may develop and 
grow into large shoots the same year. 

Test of injury and recovery 

Individual plants under controlled conditions were injured mechanically 
.-.and* '.compared with uninjured plants in order to test the effect of different 
kinds, combinations, and degrees of browsing where given injuries were 
repeated on the same plant over a period of years. * 

Incidental to the purpose and main findings of this study, it was observed 
that extraordinary budding took place just as it did on browser! nlarUe 
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Pig. 10. Young substitute shoots (early August) from whorl buds in which growth 
was stimulated through loss of terminal buds before shoot elongation began in the spring 
(late May), showing how such early-growing extraordinary growths resemble ordinary 
shoots. Deer peeled the swelling buds, leaving the stubs and scales (a). 

long as shoots were injured at about the same stage of growth and in a similar 
manner as was done by browsing animals. In short, needle-bundle, whorl, 
and secondary buds developed when young annual growths were removed 
mechanically. 

Among these mechanically injured plants, the extent of current develop- 
ment of substitute buds or shoots also bore a definite relation to the stage of 
normal shoot development when injury occurred. To wit, the best buds were 
produced where shoots were removed before elongation was completed ; and 
among well-developed shoots, only those with immature foliage leaves 
(needles continue to grow after full shoot length is attained) produced buds ' 
r the same year. Plants from which leading shoots were removed when both 
shoots and foliage were fully developed failed to produce noticeable evidences 
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of buds. On some of these, buds appeared the following year but sometimes 
failed to open shoots. This shows that substitute buds are awakened most 
readily and some develop only during the periods when the plant is normally 
expending stored energy in the production of annual shoot growth. It would 
seem to indicate that the extent of development of current substitute growth 
is determined by the amount of unexpended annual growth energy in the 
plant. 

Another interesting and significant observation made on both mechani- 
cally injured and browsed plants, and which was demonstrated again and 
again by the different kinds of growths, is the strong tendency for substitute 
buds on leading growths to produce leading growths (fig. 11). In most 
instances shoots from needle-bundle buds gain the lead even where some 



Fig. 11. A many-times browsed ponderosa pine seedling (12 in. high, 10 years old), 
showing how injured leading shoots tend to produce leading shoots, and how stem length 
may represent a succession of stubs. A, unsketched part of main stem (3 in.) which car- 
ried evidence of several injuries and substitute growths. B, rind creases, evidence of sub- 
stitute growth following injury. C, dead stub of browsed 1920 growth. D, stub of 1927 
shoot from a whorl bud on 1925 growth (stem), following removal of the one leading 
shoot (Q) in 1926. E, stub of 1928 growth from a needle-bundle bud. (Note the peculiar 
needles at the base of this and other extraordinary needle-bundle growths.) F, 1929 shoot 
from a needle-bundle bud. The left braneh shows uninjured 1927 and injured 1928 growth 
(d). The 1927 shoot was from a whorl bud, as D. The browsed 1928 shoot gave rise to 
two needle-bundle buds from which opened the 1929 shoots (e). Branch to right : a, stub 
of 1927 growth which was produced and injured as D j b, stub of 1928 shoot that opened 1 * 
from a needle-bundle bud,* c, 1929 growth from a needle-bundle bud. 
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uninjured shoot or branch, assumes control for one or more years ; and buds 
on leader stubs are more apt to produce leaders than buds on laterals where 
both are present. In the absence of needle-bundle buds, uppermost whorl 
buds (any of which might have been the leading growth in the past) gain the 
lead when stimulated to make growth. The uppermost bud, either needle- 
bundle or whorl, on the main stem where substitute buds open on both main 
stem and branches, is most apt to produce leading growth. The tendency of 
leading growth to retain the lead is also influenced by the energy the plant 
has expended in making shoot growth at the time injury occurred. As evi- 
dence of this, practically all exceptions to the rule that buds on leading 
growths produce leading growths were found on plants that were injured too 
late in the growth period to develop vigorous buds or shoots. 

Substitute growths and recovery of injured pines 

This discussion of substitute budding naturally leads to consideration of 
the bearing these recovery processes have on reforestation. How dormant 
buds are stimulated and how substitute growths take the place of lost leading 
growths have been described. What peculiar influence, if any, substitute 
growths may have on the future life of trees beyond the pole stage can be 
determined only after a long-time study. 

Bepeatedly browsed and tip-mothed young pines may be temporarily as 
bushy as the most common hedge plants. Particularly where juveniles are 
injured, many substitute shoots are produced for each normal growth that 
is lost. When such shoots in turn are injured, numerous others open and 
persist within the margin of the older branches, although any current shoot 
may be tip-mothed and when it extends beyond the old branches may be 
browsed. Thus hedged plants build up branches and foliage and gradually 
gain height. They function and grow through opening of extraordinary 
buds and shoots which persist through the protection that hedged growth 
affords (fig. 12). Tests, on the basis of comparison with normal plants of 
the same age, showed that hedged plants have about as much foliage, both 
according to number and surface area and total weight of needles as the 
normal plants, and also a good root system. 

The behavior previously described is characteristic of severely injured 
plants, but most seedlings on any large range, even in districts where brows- 
ing is apt to occur, are not injured every year and never become bushes from 
browsing, although some plants on areas of animal concentration on the same 
range may be injured for several years in succession. Furthermore, condi- 
tions peculiar to some districts where browsing occurs vary so greatly that 
many pines may be browsed in some years and few in others. Where for any 
r reason plants escape browsing on some years, they open exceptionally large 
leading shoots the same years and thus maintain reasonably normal growth 
over a period of years (fig. 13). 
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Pig. 12. Two pine bushes about 6 inches high and 9 years old, hedged as the result 
of many browsing and tip-moth injuries. They show how injured young plants continue 
growth through the opening of many substitute shoots, and how the stubs of old shoots 
furnish some protection to the new shoots. Plant on right was severely browsed the year 
it was photographed ,* that on left developed a 2-inch leader. 


Fig. 13. Accelerated growth made by a formerly short, bushy ponderosa pine. Three- 
fourths of the total height growth of this plant was made in 3 years, despite the fact that 
the'Teading shoot was removed once during that time. On the year following this injury, 
the long unbranched part of the main stem opened from a needle-bundle bud. The many 
branches (bush) on the first base foot of the stem died when accelerated growth sup-, 
planted the need for the 4- to 7-year-old foliage which had persisted on these branches. 
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Accelerated growth of hedged plants continues for several years following 
release from injury, some substitute shoot ordinarily assuming the lead, and, 
in 3 or 4 years, extending a heavy normally straight stem far above the limits 
of the hedge from which it sprang (figs. 5, 12, and 13). Almost as soon as 
such a new main stem has clothed itself with branches and foliage that is in 
accord with normal plants of its size, the hedged branches at its base cease 
to function, and die. 

The extraordinary ability to produce substitute buds and shoots accounts 
for the power ponderosa pine has to recover from shoot injury. If it were 
not for this ability to bud, areas having peculiar conditions that induce ani- 
mals to browse pines probably could not be grazed by livestock or large game 
animals at all without jeopardizing future forests. Rodents and tip moths 
certainly would prevent reforestation in places. The same may be said of 
the past concerning conditions under which older or mature forest stands 
developed. When considering the districts in central Arizona below the 
Mogollon Rim, where nearly all young pine trees up to large pole size are 
injured year after year by tip moths, one wonders whether many, or even 
any, of the mature trees escaped injury when they were young. It is for- 
tunate that browsing and tip moth injury affect only current shoot growth 
and so allow for the development of needle-bundle and dormant whorl buds, 
and that such injuries occur during periods of normal shoot production when 
substitute buds are most readily awakened, otherwise injuries would result 
in much more serious consequences than they do. 

But little may be said concerning grazing and timber reproduction rela- 
tionships in this discussion of recovery processes. The following results are 
recorded as they indicate the importance of the fact that pines replace lost 
shoots through a number of different processes of substitute growth. 

Of the 2139 ponderosa pine seedlings (about 7 years old in 1927) on 31 
plots so scattered as to represent conditions on a 24,000-acre area, 1484, or 
69 per cent., were browsed one or more times, some every year during the 
9-year period from 1927 to 1935. Of the browsed plants, 2.8 per cent. died. 
Small rodents injured 171, or 7.9 per cent, of the total number of trees on 
the same plot areas. Of the 171 injured trees, 127, or 74 per cent., died. 
Most of the rodent injury consisted of barking or cutting off of main stems. 

Of the 5172 recorded seedlings that survived the first 2 months, when 
mortality from natural causes was tremendous, a total of 74, or 1.4 per cent., 
were killed by browsing animals and .382, or 7.3 per cent., by rodents. 
Neither these data nor the statements regarding recovery processes should 
be interpreted to mean that overgrazing or poor range management may be 
r disregarded. The results of the range-timber reproduction study, which will 
be' presented in future publications, show grave dangers in such practices. 
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It is well known that trees, particularly hardwoods, when grown from 
stump and trunk sprouts sometimes are small as compared with seed-pro- 
duced trees, and may take on bushy or coppice form. No such tendency has 
been observed in young ponderosa pine poles that developed from extraordi- 
nary buds. In this connection, the processes of recovery which have been 
described take place during the early life of the plant, and substitute shoots 
actually take the place of lost shoots, rather than form the source of new 
growth that is superimposed on a part of an old tree, as is often the case with 
dwarf and coppice growths from sprouts. 

Southwestern' Forest and Range Experiment Station 
Tucson, Arizona 

LITERATURE CITED 

!• an( l Munch, E. The structure and life of forest trees. 

English translation by Thomas Thomson. New York. 1931. 

2. Graham, S. A, and Baumhofer, L. G. Susceptibility of young pines 

to tip moth injury. Jour. For. 28 : 51^65. 1930. 

3. Hill, Egbert It, Effects of grazing upon western yellow-pine reproduc- 

tion in the national forests of Arizona and New Mexico. U. S. 
Dept. Agr. Bull. 580. 1917. 

4. luEN’HOLz, It. Frost damage to red pine. Jour. For. 31: 392-399 

.1933. 

5. Spariiawk, W. N. Effect of grazing upon western yellow pine repro- 

duction in central Idaho. U. S. Dept. Agr. Bull. 738. 1918. 

6. Wakeley, P. C. Preliminary observations on the pine tip moth ( Bhya - 

rtonia fritstrana Comst.) on southern pines. Fourth Int. Cong. 
Ent. (1928) 4 , Trans. 2: 865-868. 1929. 





UREASE DISTRIBUTION IN SOJA MAX 1 
Sam GsimcK! 

(with five figures) 

Introduction 

In this account, the distribution of urease, as studied by histological and 
quantitative methods (10), will be discussed under the sub-headings of the 
various plant structures. 

The activity of the enzyme is expressed in U.U., a urease unit, which is 
the quantity of urease that will produce 1 mg. of NH 3 , per minute when 
acting upon urea under the conditions employed in the analyses. 

Soja max var. Manchu is an upright leafy branching annual legume. 
The appearance of the plant is much affected by the conditions under which 
it is grown. In the field, the plants produce a luxuriant growth, forming 
large leaves, stout, woody stems, numerous pods, and branching is frequent. 
The plants grown in the greenhouse at Ann Arbor were three feet tall at 
maturity and rarely branched. The same variety of bean, grown at Woods 
Hole, Massachusetts, in wooden boxes in soil 6 inches deep, attained a height 
of only 8 inches and bore 1 to 2 pods per plant. Unless otherwise stated, the 
determinations described in the following pages were made on plants grown 
in the greenhouse at Ann Arbor. The reader is referred to the first paper 
of the series (10) for details as to sampling of material for analysis, etc. 
The distinctive taxonomic description of Soja max var. Manchu is given by 
Etheridge, Helm, and King (6). 

Investigation 

Cotyledons or' the germinating seed 

The seed of the soy bean, because of its commercial importance, has 
been made the subject of numerous chemical investigations. Since data on 
the chemistry of the seeds were available, it became interesting to attempt 
to find a correlation between urease and the various chemical substances 
present in the seed. As was to be expected from the fact that urease is a 
globulin, the changes of urease were found to be related directly to the gen- 
eral changes in protein content. The cotyledons of jack bean contain much 
protein and starch. The cotyledons of soy bean are notable for their high 
protein and fat content, and at maturity contain less than 0.5 per cent. 

1 This is the third of a series of papers on nrease distribution in Canavalia ensiformis 

and Soja max. For more extensive data and discussion, the reader is referred to the 
original thesis available at the University of Michigan library. * , 

2 Neweombe Fellow in plant physiology. 

Paper no. 612, Department of Botany, University of Michigan. 
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starch. Both kinds of seeds possess the highest reported urease activity of 
any materials yet found. Sumner (24) estimates that soy beans contain 
about 0.01 per cent, urease by dry weight. 

The histological urease reagents showed that urease was highest in con- 
tent in the germinating cotyledons. As germination proceeded there was 
a gradual decrease of the enzyme (figs 1, 2). In the 8-day-old seedlings, 



Fig. 1. Composite representation of the urease distribution in the various structures 
of soy bean seedlings 8 and 15 days old. The number opposite each region of the seed- 
ling expresses the number of urease units per gram of fresh weight of that region, as 
determined by the quantitative method. Stippling indicates the relative urease concen- 
trations as revealed by the histological methods. 

the enzyme appeared to be most concentrated at the periphery of the coty- 
ledons, that is, in the subepidermal layers. Urease had diminished markedly 
in the center of the cotyledons. Some large parenchyma cells gave a stronger 
reaction for urease than others. The rate of depletion of urease in these 
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cells showed no evident relation to their proximity to the vascular bundles. 
The 3 to 4 layers of palisade cells gave a somewhat stronger urease reaction 
than did the other parenchyma cells. The vascular bundles showed no 
detectable urease. The content of urease of the bundle sheaths was neither 
higher nor lower than that of the neighboring parenchyma cells. 

Because the chlorophyll content of the outer cells, to some extent, masked 
the urease reaction, observations were also made on seedlings germinated in 



Fig. 2. Composite representation of the urease distribution in the various structures 
of soy bean seedlings 31 and 52 days old. Numbers have the same meaning as in figure 1. 

the dark. There was a more rapid depletion of storage substances from 
cotyledons of etiolated than non-etiolated seedlings. The urease distribu- 
tion in the etiolated cotyledons was similar to that in the green cotyledons, 
except that urease diminished more rapidly in the etiolated cotyledons. 

In the 16-day-old seedlings the urease distribution in the cotyledons 
was similar to that in the 8-day-old plants, except that the total concentra- 
tion of urease had decreased. The parenchyma cells of the under surface 
gave a somewhat stronger urease reaction than did the palisade or other 
parenchyma cells. 
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In the 30-day-old seedling the cotyledons, which w r ere by now falling off, 
were yellow, flaccid, and shrivelled. Determinations on these cotyledons 
generally showed a low urease content. 


TABLE I 

Urease content of the cotyledons of soy bean seedlings 


Tempera- 

ture 

DURING 

GERMINA- 

TION 

Days after 

PLANTING 

Fresh wt. 

IN GM. PER 

COTYLEDON 

Dry wt. in 

GM. PER 
COTYLEDON 

U . U . PER 
GM. FRESH 
WT. 

U . U . PER 
COTYLEDON 

°0. 

days 

gm. 

gm. 

U.U./gm. 

U.U. 

27 

0 

0.0803 

0.0704 




1 

0.1606 

0.0693 

2.12 

0.341 


2 

0.1716 

0.0688 

2.96 

0.507 


4 

0.1885 

0.0554 

2.35 

0.442 


6 

. 

0.306 

0.0414 

1.48 

0.453 

20 

a 

0.176 


1.80 

0.317 


7 

0.215 


0.755 

0.162 


8 

0.222 


0.554 

0.123 


15 

0.356 


0.329 

0.117 


31 

i ■■ 

0.263 


0.0222 

0.00844 


A quantitative study was made of the changes in the quantity of urease 
in the cotyledons at various stages of germination. The changes in urease 
content taking place at temperatures of 20° and 27° C. during the process 
of germination and early development of the seedling are shown in table I. 
These changes are complicated by various factors of which the following are 
suggested : 

1. There will be a decrease of urease as the proteolytic enzymes split the 
proteins and urease into smaller, more soluble transport products. The 
urease content will depend then on the activity of the proteolytic enzymes 
and the rate of transport of their products away from the cotyledons and 
into the developing tissues. 

2. Proteins may be in a storage phase i.e., in aleurone grains, etc. If 
some urease is present in this state it cannot be detected, for the enzyme 
must be in a dispersed state in order that urea molecules may come in con- 
tact with it (10). Therefore, it is necessary to consider the rate at which 
dispersal of the stored urease occurs. 

3. There is also a possibility that some urease may be synthesized in the 
cotyledons during germination. 

One may consider that during the first days of germination the storage 
proteins are dispersed and come into solution in the form of soluble proteins 
at a rate which is more rapid than the rate at which the soluble proteins are 
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hydrolyzed. The dispersal of proteins is faster at 27° than at 20° C., since 
water is taken np more rapidly by the soaking seeds at the higher tempera- 
ture. At 27° C. the urease activity of the cotyledons is greatest after two 
days germination. The amount of protein being dispersed soon decreases 
owing to the fact that little storage protein is left; while the dispersed or 
soluble proteins continue to be hydrolyzed at a rapid rate. Thus a decrease 
in the amount of soluble protein will take place, appearing as a decrease in 
urease activity. 

Badicle 

The radicle in the 2-day-old seedlings, was about 1.3 cm. Cross sections 
were made through various portions of the radicle and their urease content 
was determined. Sections through the tip of the radicle showed that the 
plerome contained a high percentage of urease ; the periblem and dermatogen 
gave only a faint reaction. Sections through the middle of the radicle 
showed that the epidermis and tetrarch xylem contained no detectable 
urease; the pith w r as faintly positive; the cortex was strongly positive. 
There seems to be a tendency for urease to disappear more rapidly from the 
pith than from the cortex. In the jack bean there appears to be a tendency 
for urease to decrease more rapidly in the cortex than in the pith. In gen- 
eral, however, the distribution of urease in the radicle of soy bean is similar 
to that in the jack bean. 

Examination of the collet region of 8-day-old seedlings showed a high 
urease content in the wide cortex area and relatively little urease in the pith 
(fig, 1). The endodermis, the cambium, and the phloem and the xylem of 
primary and secondary origin appeared to contain no urease. (The diffi- 
culty in judging the slight urease content of a group of cells, adjacent to 



Fig. 3. Urease distribution in a cross section of the collet region of a 39-day-old 
seedling. 

another group of cells containing much urease, has been discussed previously 
for the collet region of the jack bean.) The bursting of the secondary roots , 
through the cortex causes some of the cortical parenchyma cells at the break to 
become slightly brownish and to increase in alkalinity to pH 7 , or somewhat 
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tested by themselves. Not more than 50 per cent, of these roots gave positive 
indications with the urease reagent, and these showed urease to be present 
at the growing points and nowhere else. Evidently the method is not sensi- 
tive enough to detect the low activity of all of these roots. There appeared 
to be no correlation between the position on the collet axis from which the 
secondary root arose, and its urease activity at the growing* point. 

After 16 days urease was still present in the small outer cortical cells. 
The innermost cortical cells and the stele contained no urease. The collet 
region loses its urease activity more slowly than any other region. Urease 
could still be detected in the collet in a 30-day-old seedling but the enzyme 
was delimited to isolated portions of the outer cortical cells (fig. 3). In the 
46-day-old plant no urease could be detected in the collet. 

Root 

In the 8-day-old seedling the root is about 7 cm. long. Urease was found 
to be highest in content in the region just below the collet and to decrease 
rapidly down the root until within 2 cm. of the tip where it could no- longer 
be detected (fig. 1). The outer cortical cells contained the highest amount 
of urease at the collet region, but as one descended along the root, the urease 
reaction became diffuse in the cortex. No urease was present in the stele. 
At the growing point of the root there was a slight amount of urease which 
decreased so rapidly that it could not be detected in the elongation region. 
Generally the primary root tips at this stage all gave the urease reaction, in 
contrast to the secondary root tips which, on the whole, had a lesser urease 
content and gave indications of urease in less than 50 per cent, of the secon- 
dary roots examined. Very little urease was found in the 15-day-old 
seedling, in the region of the root just below the collet. Urease therefore 
decreases quite rapidly with age in the roots, except at the growing points. 

TABLE II 

Urease content op the root 


Days after 
PLANTING 

Structure 

Fresh wt. 

U.U. PER GM. 
FRESH WT. 

U.U. PER 
STRUCTURE 

days 


gm. 

U.U./gm, 

U.U. 

1 

; Embryo minus cotyledon 

0.0122 i 

2.66 i 

0.0324 

3 

Embryo minus cotyledon ' 

0.0975 

0.517 

0.0505 

4 

Boot and collet 1 

0.105 

0.0973 

1 0.0102 

8 

Root and collet 

0.131 

0.0713 

j 0.0093 

15 

Root and collet 

0.274 

0.0201 

I 0.0055 

31 

Root and collet j 

0,419 

0.0033 

0.0013 

5,2 

Root and collet ! 

1.36 

0.0014 

0.0020 


In table II are shown the changes in urease content that take place in 
the root with age. There is a ranid decrease nf tipppqp hn+v 
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fresh weight; a rise of total urease per structure to a maximum two days 
after planting and then a decrease of total urease after that day. Even 
though the roots have increased rapidly both in weight and number of secon- 
dary roots, the total urease content decreases. As will be shown later, this 
rapid decrease in urease content may be related to the fact that the elongation 
region of the root is a relatively short one, and the elongating cells mature 
rapidly. 

Hypocotyl 

In the 8-day-old seedling urease had already begun to decrease sufficiently 
so that differences in concentration could readily be noted in the hypocotyl 
with the histological urease reagent (fig. 1). The enzyme content was 
greatest at the cotyledonary node and at the collet. Urease was found only 
in the parenchyma cells of cortex and pith; never in the cambium or its 
derivatives. The urease content of the pericyclic cells could not be deter- 
mined with certainty, although there are indications that these cells do con- 
tain urease. Sections through the cotyledonary node showed the pith to 
contain slightly less urease than the cortex. The enzyme decreased rapidly 
in the pith from the upper to the lower part of the hypocotyl. At the top 
of the hypocotyl there appeared to be more urease in the cortical parenchyma 
cells adjacent to the stele. There was a gradual decrease in urease content 
in the cortex from the top of the hypocotyl to the lower end, but, on nearing 
the collet, urease appeared to become more concentrated in the outer smaller 
cortical cells. 

In the 16-day-old seedlings the differences in enzyme content of the vari- 
ous cells had become more marked. The hypocotyl, as seen in cross section 
just below the cotyledons, still gave strong urease reactions. Owing to elon- 
gation there was a mechanical thinning out of the enzyme at this stage, tak- 
ing place most rapidly in the upper two-thirds of the hypocotyl. In the 
remainder of the hypocotyl urease became restricted to the outer cortical 
cells and little of the enzyme was to be found in the pith. 

In the 30-day~old seedlings (fig. 2) urease was detected only at the coty- 
ledonary node, and just within the collet region; in both these instances 
urease was restricted to the outer cortical parenchyma cells. In the 50-day- 
old plants (fig. 2) no urease could be detected in any portion of the hypocotyl. 

Within a period of seven days the hypocotyl had increased from 3 to 60 
mm. It will be noted from the data of table III that after the eighth day of 
germination primary growth and elongation of the hypocotyl had practi- 
cally ceased. Even before this time the maximum total urease content of 
the hypocotyl had been attained. The phases of primary growth and ma- 
turity overlap. The quantitative data of table III and the results obtained 9 
with the histological reagents showed that urease was not only being me- 
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TABLE III 

Urease content of the hypocotyl 


Days after 
PLANTING- 

Structure 

Fresh vt. 

U.U. PER 

GM. FRESH 

WT. 

1 U.U. PER 

UNIT 

STRUCTURE 

days 


gm. 

U.U./gm. 

U.U. 

1 

Embryo minus cotyledon 

0.0122 

2.66 

0.0324 

2 

Embryo minus cotyledon 

0.0975 

0.517 

0.0505 

8 

Hypocotyl 6 cm. 

0.233 

0.140 

0.0326 

: 

15 

Hypocotyl 7 cm. 

0.404 

0.0347 

0.0140 


Upper half 

0.194 

0.0179 

0.00347 


Lower half 

0.210 

0.0506 

0.0106 

31 

Hypocotyl 

0.434 

0.00400 

0.00173 

52 

Hypocotyl 

0.500 

0.00045 

0.00020 


chanically thinned out, but that already in the late stages of primary growth 
the enzyme was actually being inactivated or catabolized so that the total 
urease content of the hypocotyl decreased with further age. 

Stem 

The apical meristems possess a urease activity that is too low to be studied 
with the histological reagent. From quantitative data there is reason for 
believing that there is no difference in urease distribution between the apical 
meristems of the soy bean and the jack bean, except the difference in urease 
concentration. 

The epicotyl or second internode 3 is considered apart f rom the other stem 
internodes because of its proximity to the cotyledonary node. In the 9-day- 
old seedling the epicotyl is about 5 mm. long. Cross sections through the 
tip of the epicotyl, where the first leaves arise, showed urease to be present 
in the outer cortical parenchyma cells and also faintly in the pith. 

In the 16-day-old plant (fig. 1) the epicotyl showed the presence of 
urease only in the region close to the cotyledonary node ; the urease reaction 
had diminished considerably in intensity. No cells except the parenchyma 
cells of the cortex, and more faintly the pith, gave a positive test with the 
urease reagent. In the 30-day-old plant no urease could be detected in the 
epicotyl. 

The quantitative data for the urease content of the epicotyl are given in 
the table IV. The figures show that the most rapid elongation occurred 
between the eighth and fifteenth day, during which time the total urease per 
3 Eor convenience the hypocotyl has been designated as the first internode although 
9 this is not technically correct according to the terminology of the morphologist. The 
epicotyl is considered as the second internode and the other internodes are numbered suc- 
cessively upwards. 
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structure increased markedly, while the urease activity per gram of fresh 
weight decreased slightly. Although elongation still occurred after the 
fifteenth day, it was relatively slight. The phases of primary and secondary 
growth overlap each other. It may be concluded that the total urease con- 
tent is at a maximum during the period of the most rapid elongation of the 
cells of primary growth and thenceforth urease begins to decrease in activity. 


TABLE IV 

Urease content op the epicotyl (second internode) 


Days after 
planting 

Structure 

Fresh wt. 

U.U. PER GM. 
FRESPIWT. 

U.U. PER 
STRUCTURE 

days 


gm. 

U,U./gm . 

U.U. 

8 

5 mm. plumule 

0.0116 

0.005 

0.00005 

15 

2nd internode 6 cm. ... 

0.118 

0.0032 

0.00030 

31 

2nd internode 9 cm. ... 

0.325 

0.00049 

0.00015 

52 

2nd internode 10 cm. 

0.509 

0.0001 

0.00005 


Examination of sections made of the other internodes, above the second, 
and tested with the urease reagents indicated that the amonnt of urease 
present even in the youngest internodes was too small to be detected. 

Quantitative determinations were made of the urease content of the 
internodes above the second and the data are shown in table V. Although 
growth in length is not exactly the same for each internode, (the weight of 
the sixth internode, for example, being greater than the weight of any older 
internode) the changes of urease with age are still sufficiently marked to be 


TABLE V 

Urease content of internodes of a 52-day-old plant 


’ 

Structure 

Fresh wt. 

U.U. per gm. 

FRESH WT. 

Total U.U. per 

STRUCTURE 

7th internode including 

gm. 

UXJ./gm. 

U.U. 

leaflets and apical bud 

0.064 

0.0031 

0.00018 

6th internode 

0.250 

0.0025 

0.00062 

5th internode ! 

0.223 

0.0010 

0.00020 

4th internode 

0.171 

0.00053 

0.00009 

3rd internode 

0.241 

0.00038 

0.00008 


clearly recognized. These changes in urease content are similar to those 
* undergone by other plant structures. The urease activity steadily decreases 
with age, the oldest internodes having the lowest urease activity per gram 
of fresh weight. The total urease per internode is highest in the sixth 
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internode, This internode has just finished its maximum primary growth. 
From that time, the total urease content diminishes with the maturation and 
senescence of the internode. 

Leaves 

In the 1-mm. first foliage or plumule leaves of the ungerminated soaked 
seed urease was found in all the cells except the primary xylein. The his- 
tological reagent also showed that urease decreased rapidly as the leaf 
expanded. 

The data on the urease content of the first pair of foliage leaves of vari- 
ous ages are presented in table VI. The figures in the table indicate the 
same trend for changes in urease content as was found in the structures 
previously examined i.e., a decrease of urease activity per gram of fresh 
weight; and for the total urease content per structure, at first a rise to a 
maximum which coincides with the period of maximum elongation, then a 
slow decrease after primary growth has ceased, 

TABLE VI 

Urease content of the first pair of foliage leaves 


Days after 
planting 

Structures 

Fresh WT. 

TI.TT. per 

GM. FRESH 
WT. 

XT.IT. per 

STRUCTURE 

days 


pm. 

TJ.U/gm , 

17 . 17 . 

8 

Plumule — 5 mm. 

0.0116 

0.005 

0.00005 

15 

Leaves — 3 cm. and 

petioles — 4 mm 

0.170 

0.0035 

0.00060 

31 

Leaves — 4.5 cm. and 
petioles — 1.5 cm. 

0.387 

0.00140 

0.00053 

52 

Leaves — 5 cm 

0.405 

0.00013 

0.00005 


Sections through the embryonic compound leaves in the apical buds above 
the second node gave no indication of the presence of urease when the his- 
tological method was used. The urease content in the meristematic tissues 
of the stem, and in the leaf primordia is too low to be detected by this method. 

Determinations were made on the trifoliate leaves of soy bean plants 
grown in the field during the summer, and on others grown in the green- 
house during the winter. The plants grown in the field were harvested at 
the stage when they possessed pods that were almost mature. The quanti- 
tative data (table VII) show the same general trend of urease metabolism 
as do the plumule leaves. The leaves of the field-grown plants were larger, 
weighed more, and possessed a urease activity which was maintained at a 
Sigh level even after primary growth had ceased. The maximum size of the 
field-grown leaflet was 11 cm. as compared to 6 cm., ; the maximum size of the 
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TABLE VII 

Urease content of compound leaves 



Leaf 

Fresh wt. 

U.U. PER GM. 

U.U. PER 



FRESH WT. 

LEAF 


1 

i 

gm. 

U.U. gm. 

U.U. 

Greenhouse-grown plants j 




52 days old 





7th node 

3 cm, leaflets 

0.355 

0.0045 

0.0015 

6th node 

f 6 cm. leaflet 
\ 7 cm. petiole 

0.777 

0.0013 

0.0010 

5th node 

f 6 cm. leaflet 
l 7 cm. petiole 

0.673 

0.0009 

0.00060 

4th node 

f 5 cm. leaflet 
| 7 cm. petiole 

0.463 

0.0001 

0.00004 

Field-grown plants with nearly ; 




mature pods 





16th node 

f 4 cm. leaflet 
' \ 2 cm. petiole 

0.414 

0.00517 

0.00214 

15th node 

f 7 cm. leaflet 
| 5 cm. petiole 

1.03 

0.00467 

0.00454 

14tli node 

( 9 cm. leaflet 
\ 8 cm. petiole 

2.28 

0.00409 

0.00932 

13tli node 

j 11 cm. leaflet 
) 10 cm. petiole 

3.31 

0.00346 

0.0114 

1,2th node 

\ 11 cm. leaflet j 
| 10 cm. petiole 

3.11 

0.00264 

0.00821 

lltli node 

j 11 cm. leaflet 
} 13 cm. petiole 

3.98 

0.00238 

0.00946 

10th node 

f 11 cm. leaflet 
} 13 cm. petiole 

3,16 

0.00227 

0.00718 

9th node 

f 9 cm. leaflet 
l 8 cm. petiole 

2.34 

0.00294 

0.00688 

8th node 

\ 8 cm. leaflet 
} 9 cm. petiole 

2.09 

0.00258 

0.00539 


greenhouse-grown leaflet, and the weights of each -were respectively 3.98 and 
0.777 gm. The leaves of the plants grown in the field had a urease activity 
of 0.005 to 0.002 IJ.IT. per gram of fresh weight, whereas the urease activity 
of leaves from greenhouse-grown plants w T as 0.004 to 0.0001 U.U. per gram 
of fresh weight. If it is assumed that urease activity follows changes in 
soluble protein content, then it might be said that the greenhouse-grown 
leaves behaved as if there was a lack of available carbohydrate in the plant 
for maintaining a high level of protein nitrogen, the depletion of urease and 
protein taking place rapidly when the leaves had finished expanding because 
of the drain of carbohydrate and non-protein nitrogen from them into the 
.growing points. However, even under the different environmental condi- 
tions of summer and winter growth, expressing themselves in such a wide 
divergence of growth in green weight and in urease content, the same gen- 
eral scheme of urease metabolism in the leaves was observed as had besn 
noted for the other structures of the plant, namely, that the highest urease 
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activity was present in the youngest leaves and decreased with age of the 
leaf ; and the total urease content increased during primary growth and then 
decreased. 

Flower and fruit 

The urease content of the flower primordia, the flower, and the pod tissues 
is below the concentration that is detectable with the histological reagents. 
The quantitative changes of urease content in the developing pods may be 
noted from the data in table VIII. The course of the change in urease activity 

TABLE VIII 
Urease content of pod 


Structure 

Fresh wt. 

! 

U.U. PER GM. 
FRESH WT. 

U.U. PER UNIT 
STRUCTURE 

Young flowers and buds 

gw * 

TJ.U./gm. 

0.006 

77.77. 

Pod (contained 3 mm. seeds) 

0.1490 

0.0051 

0.00076 

Pod (contained 5 mm. seeds) 

0.2010 

0.0042 

0.00084 

Pod (contained 9 mm. seeds) 

0.2518 

0.0025 

0.00063 

Pod (contained 11 mm. seeds) 

0.371 

0.0011 

0.0004 


is similar to that found for other tissues, that is, there is a steady decrease 
of urease activity per gram of fresh weight; and an increase and then a 
decrease in the total content of urease per pod. 


The plant as a unit 

A survey of the changes in the total urease content of the developing 
seeds and of the seedlings of soy bean is given in a graph (fig. 4). Along 
the abscissa the relative age of the bean or plant is represented. On the 
ordinate is plotted logarithmically the total urease values. It may be ob- 
served from this graph that the urease content increased almost ten thousand- 
fold from the youngest seed examined (3.5 mm. long) to the mature seed 
(13.5 mm. long). Although in the last stages of maturity the seeds were 
beginning to dry, decreasing in length from 13.5 to 12 mm., and in water 
content from 63.3 to 48.6 per cent., the urease content still increased. 
Finally, at the last stage, when the seed had shrunk to 9 mm. and the water 
content decreased to 19.4 per cent., the urease content had decreased to 
approximately one-sixth the value of the previous stage. 

The completely mature and dry seeds were then germinated. Those 
planted at 27° C. showed an increase in urease content which reached a 
# maximum at the second day and then began to decrease. Plants grown at 
20° C. had a lower level of total urease per plant. There was a rapid 
decrease of total urease per plant from the fifteenth day. 
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As with the jack bean, the carves illustrating the changes in total nr ease 
content per seed or per plant really indicate the changes of urease taking 
place in the cotyledons, since these structures contain most of the enzyme. 
In the developing seed, the cotyledons, especially in the later stages, consti- 



Fig. 4. The graph represents the total urease contest of the developing beans, or of 
the seedlings of soy bean, at different stages of growth. Along the ordinate, total TJ.TJ. 
values are plotted logarithmically; along the abscissa, relative ages of the beans or seed- 
lings are represented. 

tute over 90 per cent, of the dry weight of the seeds. As the seeds increase 
in size, urease increases very rapidly. In the last stages when the seeds 
begin to dry (as indicated by the pods turning yellow, the hila of the seeds 
changing from green to pink then to purple and finally to black, and the 
cotyledons from a green to a yellow-green and finally to yellow) urease 
increases and finally decreases. This decrease in urease activity is inter- 
preted as a storage of the enzyme in a form which is not readily dispersed in 
aqueous solution. 

In the 31-day-old plant, the cotyledons, which are about to fall off, still 
contain approximately 80 per cent, of the total urease of the plant. The 
marked decrease in urease content between the 15-day-old and 31-day-old 
plant is due primarily to the rapid decrease in urease of the cotyledons them- 
selves. Even after the cotyledons have fallen off, however, the total urease 
of the plant continues to decrease. 

A composite picture of the distribution of urease in the various parts of 
the developing seedlings of soy bean 8, 15, 31, and 52 days after planting 
is represented in figures 1 and 2. The stippling indicates the relative urease 
content as revealed by the histological methods. The numbers opposite each 
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plant part are the number of urease units per gram of fresh weight of that 
plant part as determined by the quantitative method. 

Discussion 

Comparison of urease distribution in soy bean and jack bean 
It was shown in the second paper of this series (11) that, in all the organs 
and plant structures examined, the urease changes follow the same course. 
The urease activity of an organ per gram of fresh weight (curve A, fig. 5) 




i " — "1 

Cel 1 Elongation Maturity 
Division 


Pig. 5. Changes of urease activity in relation to physiological age. Curve A, change 
of urease activity, of an organ per gram of fresh weight, with age; curve B, change of 
total urease content of an organ with age. 

is highest when the cells are still meristematic and decreases as the cells grow 
older. The total urease content of an organ (curve B, fig. 5) increases 
rapidly during the period of cell division until, at about the time primary 
growth has ceased, the organ contains a maximum urease content. From 
that time on, there is a decrease in nrease content which is more or less 
marked, depending on the individual organ considered. It was further 
shown that the changes in urease activity noted in the organs are due pri- 
marily to changes taking place in the parenchyma cells of the organs since 
neither the cambium nor its derivatives contain detectable amounts of the 
enzyme. The total urease activity of the meristematic cell increases rapidly 
at first (curve B, fig. 5) ; and as the cell passes into the stage of elongation 
the rate of increase of nrease activity drops off. About the time the cell has 
acquired its maximum size it contains a maximum amount of urease. After 
this time there is a gradual decline of nrease activity per cell until some 
constant low level is reached. This series of changes found in Ganavalia 
ensiformis is likewise found in Soja max. 
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There were, however, some minor differences. In general the urease con- 
centration was less in soy bean than in jack bean. The palisade cells of the 
soy bean cotyledon contained somewhat more urease than did the other 
parenchyma cells ; and in the 8-day-old seedling, urease was present in some- 
what greater concentration at the periphery of the soy bean cotyledons than 
toward the inner region. In the jack bean cotyledon no such differences in 
distribution were observed. There was a more rapid decrease in urease 
activity in the pith than in the cortex of the soy bean hypoeotyl during ger- 
mination. In the jack bean, however, the decrease in the hypoeotyl was 
somewhat more rapid in the cortex than in the pith. 

Urease in other legumes 

That the curve of urease changes is not merely limited to the two plants 
investigated but holds also for other legumes is indicated by the experiments 
of Kiesel and Troitzki (12). Their limited data on the urease changes in 
a number of legume plants are in accord with the general changes of urease 
in the jack bean and soy bean plants. For example, the young developing 
seeds of Phaseolus vulgaris and Pisum sativum contained one-fifth the urease 
per gram of fresh weight of the older seeds. The leaves of a Pisum seedling 
three weeks old contained more urease per gram of fresh weight than did 
the stems. Cotyledons of 10-day-old seedlings of Vida faba had about five 
times the urease activity per gram fresh weight that cotyledons of 28-day-old 
seedlings had. The changes in urease distribution and concentration found 
in the soy bean and jack bean may then be considered as changes which are 
at least common to the Papilionaeeae. 


A COMPARISON OF DISTRIBUTION OF UREASE AND OTHER ENZYMES 


Burk (5) has called attention to enzymic activities which are growth- 
bound, i.e., “where the enzymic activity is correlated with the structure of 
the living cell to the extent that the velocity of formation of the (intracel- 
lular) reaction product parallels and is normally measured by the velocity 
of growth. Such growth-bound enzymes may be termed phyo-enzymes. ? * 
Since the enzyme urease appears to be so intimately bound up with the 
growth of the parenchyma cell, one may consider urease as a growth-bound 
enzyme. It was interesting to see whether other hydrolytic enzymes might 
likewise be growth-bound and undergo changes similar to those found for 
urease. In table IX data are presented on the analyses of urease, protease, 


and lipase in the developing seed. The urease content increases markedly 
during the period of seed ripening. Tovarnitzky's analyses (25) of the 



nitrogenous fractions of soy beans at different stages of development show 
that the increase of urease activity parallels the increase in the soluble pro- * 


tein content and this investigator calls attention to the fact that “A reliable 



TABLE IX 

Analyses of soy bean seeds at different stages of development 
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index for the amount of protein in soy beans, its solubility and the maturity 
of the beans, is the activity of urease. ” As the bean matures, urease accumu- 
lates in the cells, some of it being stored in the .form of ergastic amorphous sub- 
stances just as other globulins are stored. The water content in the later 
stages is decreasing, the cellular materials becoming more and more concen- 
trated; and the semi-fluid vacuoles of the cells take on the appearance of 
solid spherical corpuscles. Although the storage phase is evident at the 
last stage a decrease of urease activity in the 9 mm. yellow bean) it is 
highly probable that some storage of the protein urease has occurred even in 
the earlier stages of seed development. 

This increase of urease activity as the seed matures is not paralleled by 
an increase of protease or lipase activity. 4 It is seen from table IX that the 
protease and lipase activities per gram of dry weight of seed increase at 
first, reach a maximum activity in the 6- to 7-mm. bean and then decrease 
as the bean enlarges. It is interesting to note that the values for amino 
nitrogen and free ammonia per gram dry weight, and for the percentage of 
water content are also highest in the 6- to 7-mm. bean. These results on 
protease and lipase activities of the developing bean do not agree with those 
of Rivkind and Tovarnitzky (25) who report a slight increase of these 
enzymes in the maturing seed. These investigators made analyses on the 
air-dried seeds, and do not describe their methods of analyses. The deter- 
minations reported in table IX were made on freshly picked material without 
preliminary drying; corrections were made for the varying values of 
autolysis, which become important in estimating the very low activities of 
both protease and lipase found in the soy bean. In this connection it may 
be mentioned that, in the developing seeds of Vida fata , Blagowestschenski 
(3) found that the amylase content per gram dry weight of seed decreased 
as the seeds ripened. 

Upon germination of the seeds the aleurone grains and crystalloids absorb 
water and are seen gradually to take on a semi-fluid appearance. In the beans 
grown at 27° C. (table I) the values for urease activity per gram of fresh 
weight of the cotyledon increased up to a maximum value on the second day 
and then began to decrease. [The germinated beans, used for the determina- 
tions on protease and lipase (table X) , were not those related to the developing 
beans of table IX, so that no direct comparison can be made between the 
protease and lipase activities of the developing and germinating beans.] 



4 Proteinase activity was measured by permitting aliquots of fresh tissue mash to act 
on a 2 per cent, casein solution for 48 hours at 30° C. in the presence of phosphate buffer 
(pH 6.5) and overlayered with toluene. Amino-N was determined by the Van Slyke 
nitrous acid method. Lipase activity was measured by the increase in titratable acidity of 
a gum arabic-castor oil emulsion, containing about 2 per cent, fat, when acted upon by^ 
0.5 per cent, tissue mash for 48 hours at 30° C. and overlayered with toluene. (Toluene 
does not interfere with the determination.) Titration to the phenolphthalein end-point 

is marlA nn av> ~~ '■* - ’ 



46 


PLANT PHYSIOLOGY 


The protease activity per gram of fresh weight of the cotyledon reached 
a maximum in two days and then slowly decreased. From the complete 
hydrolysis of proteins there will be produced some 7 mg. NIL - N per bean. 
This indicates that protein digestion during germination is significantly 
limited by the low protease activity. Lipase activity increased in two days 
and was apparently highest in the 11-day-old stage; it then rapidly 
decreased. In a microchemical examination of the germinating soy bean 


TABLE X 

Analyses of cotyledons of germinating soy beans 



Days after planting 


1 

2 

5 

8 

11 

15 

30 

Fresh wt. per cotyledon pair 

NIL>-N in mg. per gm. fresh wt 

0.274 

2.32 

0.286 

2.70 

0,590 

2.98 

0.512 

3.40 

0.496 

1.68 

0.861 

0.264 

Protease activity in mg. 

NH 2 ~N produced in 48 hr. per 
gm. fresh wt 

3.30 

■ ■ ■ 

4.25 


2.70 

1.45 

0.27 

0.078 

Lipase activity in ce. of 

0.1 N acid produced in 48 hr. 
per gm. fresh wt 

1.48 

'■ 

3.41 

2.24 

2.39 

i 

4.58 

0.86 

■■ 

i ' 

0.00 


Yon Ohlen (26) reports that in the cotyledons a marked decrease of oil had 
occurred by the fourth day ; depletion began at the base of the cotyledons and 
progressed toward the opposite end; the palisade layer was depleted last. 
The acidity produced by the complete hydrolysis of the fat per bean is 
equivalent to 1 cc. of 0.1 N acid. The small amount of lipase present and 
the fact that the fat decreased markedly by the fourth day indicate that the 
rate of fat hydrolysis was limited greatly by the amount of active lipase 
present. On germination urease and protease increase during the first two 
days and then decrease, while lipase attains a maximum activity on the 
eleventh day and then decreases rapidly. 

The data of Fischer (9) indicate that the proteases of peas, beans, and 
buckwheat increase in the leaves with age. This differs from the changes 
of urease found in the leaves examined by the writer in which there is a 
rapid increase in urease to maturity and then a decrease. In the root tip 
urease is highest in concentration in the region of cell division and decreases 
rapidly in the elongation region. Peptidase of the barley root tip, however, 
is highest (18) in concentration in the region of cell elongation and not in 
the region of cell division. 


Urease and respiration 



If urease, unlike protease and lipase, is a growth-bound enzyme it might 
be expected that the changes in respiratory activity would normally -parallel 
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the changes in urease activity, and that both of these factors would parallel, 
and be a measure of growth changes. A comparison of the data on the 
respiratory activity of legumes, as found in the literature, with the data on 
urease activity of parenchymatous tissue as here presented confirmed the 
suggestion that urease and respiratory activity run parallel. Bezagu (2) 
working with leaves of various ages, of such species as Robinia pseudoacacia , 
Cercis siliquastrum, Finns sylvestris, Cobaea scandens , Ligustrum vulgare , 
Althaea, and Lovoglossum hercinum found that the following facts were 
general for the respiratory activity of these leaves. 

1. The amount of C0 2 produced per gram of fresh weight per hour is 
highest in the youngest leaves and continues to decrease with the development 
and aging of the leaves in a manner similar to curve A, figure 5. 

2. The C0 2 production per leaf -hour is lowest for the very young leaves, 
increases rapidly to a maximum during elongation, and then gradually 
decreases as the leaf passes through the stages of maturity and senescence. 
These changes may be represented by a curve similar to B, figure 5. 

This relation of respiratory activity to urease activity, that is, to the fact 
that urease is a growth-bound enzyme, is understandable upon the basis of 
the following assumptions : 

1. Urease, in its active state, is a soluble protein which undergoes changes 
similar to other proteins in synthesis and decomposition. 

2. The amount of soluble proteins (as distinguished from ergastie pro- 
teins), including urease, is a measure of the amount and activity of proto- 
plasm. 

3. Respiratory activity is related to protoplasmic activity or to the 
amount of catalytic (protein) surface upon which oxidation-reduction 
reactions take place. 

Urease and protoplasm 

Much of the framework of protoplasm (23) is considered to be made up 
of proteins which are dispersed in an aqueous medium. The only measure 
of protoplasmic activity which is generally recognized is respiratory activity. 
Since urease forms a portion of the protoplasmic framework, it is suggested 
that the amount of protoplasmic framework will be proportional to the 
amount of active urease and to the respiratory activity. If these assump- 
tions are correct, then the changes in protoplasmic framework or protoplasmic 
activity in a cell may be studied by observing the changes in urease activity 
under varying environmental conditions. In other words, the enzyme urease 
may be used as a “tracer. 5 5 Although changes in respiration can be much 
more readily followed than urease changes in the study of protoplasmic 
activity, they have the disadvantage of being much more complex summation 
effects of numerous enzymic actions and various substrate concentrations 
than are the n^aaA 
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In the young embryonic cell there is a dense protoplasm which, as the 
cell elongates, later contains a number of vacuoles. With increasing age 
of the cell, the vacuoles combine to form a single large sap cavity so that 
the protoplasm becomes spread in a thin film along the cell wall. The data 
on respiratory and urease activity of leaf parenchyma cells are in accord, 
not with the interpretation that the protoplasm of the embryonic cell is 
merely stretched and diluted but that the total amount of protoplasm, or 
the protoplasmic activity per cell, actually continues to increase until the 
cell has attained its maximum size ; after that, it decreases to a certain level 
as the cell ages. 

Urease and physiological age 

As was noted in the first paper of this series ( 10 ), it is only the enzyme 
in a dispersed state, in which its active groups are available, which can be 
quantitatively determined. An interpretation of the curve of urease 
changes with age of the cell is therefore difficult to make. It seems certain, 
however, that the ascending portion of curve B figure 5, illustrating the 
increase of urease as the cell enlarges, can be interpreted in no other way 
than as a synthesis of the enzyme. It has been suggested as a possibility 
that an enzyme might not be synthesized in situ but might be transported 
as such to the growing regions. For example, the 10,000-fold increase of 
urease content from the youngest to the oldest seed of soy bean might be 
due to a transport of urease to the developing seed. The studies on urease 
indicate that the enzyme is not transported as such to other cells, for the 
following reasons : (1) Urease has not been detected in the secondary phloem 
tissue. (2) The disappearance of urease from the storage parenchyma cells 
of a cotyledon bears no observable relation to the proximity of these cells to 
fibrovascular bundles in their neighborhood. (3) When jack bean coty- 
ledons, which contain the highest recorded amounts of urease, are kept in 
tap or distilled water for several days, the water will give no test for the 
presence of urease. These results may be due to the fact that this enzyme, 
being a protein molecule, cannot diffuse to any extent through the plasma 
membrane. It is interesting to note, in this connection, Bach's report (1), 
that urease is present in Aspergillus niger as an endocellular enzyme and that 
no urease is excreted into the culture medium. 

A satisfactory interpretation of the descending portion of curve B figure 
5 must await a better understanding of the processes leading to senescence 
and death of a cell. It is difficult to evaluate the significance of the decrease 
in urease activity after the cell has reached the end of primary growth since 
the active enzyme may disappear because it is being catabolized by proteo- ^ 
lytic ferments, or because it is being stored in a zymogen form, or because 
it is being inactivated. There is some evidence that catabolism of urease is 
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the major cause of the descending portion of the urease curve. From the 
work of Schulze and Schutz (22) and others it is known that leaves increase 
in protein N as they enlarge, and that during midsummer the content of 
protein N per leaf then begins to decline. This decrease in protein and in 
urease in the mature and aging leaves may perhaps be related to the fact 
that with increasing age of the leaf there is an increase in protease activity 
in the leaf (9). Peculiarly enough, the changes in urease and protease of 
the higher plants appear to run parallel with those found for Aspergillus 
niger. Bach (1) found an increase of urease in Aspergillus, the urease 
content reaching a maximum during the first 5 to 7 days and then rapidly 
declining to about one-sixth of the maximum value by the fifteenth day. 
This decline in urease content likewise coincided with an increase in proteo- 
lytic activity of the fungus. It is hoped in a future paper to deal with the 
question of the ''element constant of protein,” as related to the age and 
carbohydrate content of the cell, and its relation to urease activity. 

Bole of urease in intermediary metabolism 

Since urease appears to be present in almost all plants and certainly to 
be present in all the organs of the jack bean and soy bean, what role does this 
enzyme play in the metabolism of plants? As is well known, an enzyme 
catalyzes the attainment of the equilibrium of a chemical reaction (4). 
"Whether and to what extent hydrolysis of urea will take place will depend 
on the equilibrium constant of the reaction and on the presence of urea and 
water. The synthesis of urea will likewise depend on the equilibrium con- 
stant of the reaction and on the presence of ammonium carbamate. 

It has been firmly established by Mack and Villars (19) and others that 
urease catalyzes the following reaction : 

urea + II 2 0 ^ ammonium carbamate. 

The forward reaction, that is, the hydrolysis of urea to ammonium car- 
bamate proceeds very rapidly. It can readily be calculated 5 that about 2000 
urea molecules make effective collisions per second with one urease molecule. 
The decrease in free energy of this hydrolysis is sufficiently great that urea 
is almost completely transformed into ammonium carbamate. 

That urea can be absorbed by a legume plant from a sterile culture 
medium and can be split very rapidly into ammonia by the urease present 
in the cells has been reported by Klein (13). He has also shown that if 
large amounts of urea are fed, the ammonia produced becomes so great that 
signs of ammonia poisoning appear and the plant turns brown and dies. If 
one stops the feeding of urea, the total urea taken up disappears in a very 
short time. 

5 Assuming a molecular weight of 150,000 for crystalline urease ; an activity of 
26,000 U.U. per gram of crystalline urease (24); one active spot per urease molecule; 
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The question of the presence in the plant of the substrate, urea, may be 
considered briefly. The investigations of Klein and Taubock (14) indicate 
that little free urea is present in the higher plants. The “urea” reported 
by previous workers was a complex of ureides which are apparently widely 
distributed throughout the plant kingdom. The ureides of both the higher 
plants and the fungi are split by boiling with dilute acetic acid ; boiling with 
dilute alcohol does not decompose them. The ureides of higher plants are 
readily soluble in alcohol; the ureides of fungi are not. They report only 
two ureides in higher plants : the formaldehyde compound, which is found 
only in green assimilating plants ; and the acetaldehyde compound which is 
formed in green unlighted or in chlorophyll-free organs as a result of respira- 
tory processes. Fosse believes that urea is present in combination with 
glyoxylic acid as allantoic acid. These stable ureide bodies remain in the 
organs for some time but at certain definite periods are attacked and dis- 
appear. Since the enzyme urease is present in the plant, it may be con- 
cluded that any free urea, released from the ureide combinations, from 
arginine, canavanine, purines, guanidine, etc., will be rapidly decomposed 
to liberate ammonia. The presence of large quantities of urease in the 
meristematic regions of the jack bean and soy bean suggests that urease per- 
forms a “necessary” function in releasing ammonia for protein synthesis. 

Concerning the synthesis of urea by urease it has been postulated by 
Onslow (21), Euler (7), and others, that urea might be formed by the 
action of urease on ammonium carbamate. It has been realized, however, 
that when urea is brought into contact with urease an almost complete con- 
version of urea to ammonia results. But there remained the possibility 
that synthesis could occur in the cell if the cell had some means of removing 
from the field of enzyme action the small amounts of urea formed. For 
example, the trace of urea might be used to form a ureide, and then more 
urea would be produced because of the equilibrium involved. 

It is possible to arrive at some definite conclusions as to the significance 
of urease in the synthesis of urea by making use of the data of Lewis and 
Burrows (16) on the hydrolysis of urea, and on the conversion of ammonium 
eyanate to urea (17). If urea, ammonium eyanate, ammonium carbamate, 
ammonium carbonate, or their ionic products are brought into water, an 
equilibrium will finally be established in which all of these substances will 
be present in certain definite proportions. For example, it may be calcu- 
lated, that starting with a 1 M. urea solution in a closed container at 25° C. 
the products at equilibrium will be approximately 0.998 M. ammonium car- 
bamate-carbonate, 0.002 M. urea, and a trace of eyanate. 

Likewise, the maximum concentration of urea that may be synthesized 
by urease may be calculated. The highest amount of ammonia nitrogen 
in the jack bean, equivalent to 0.1 M. NII 3 , was found in the radicle of a 
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16-day-old seedling (14). Assuming that sufficient C0 2 is present to com- 
bine with all the ammonia present, then at this ammonia concentration ap- 
proximately 80 per cent, of the ammonia will be in the form of ammonium 
carbonate and the other 20 per cent, will be in the form of ammonium car- 
bamate, in a slightly alkaline medium ( 8 ). If this plant tissue is assumed 
to be neutral, the maximum theoretical amount of urea at equilibrium with 
this concentration of ammonium carbamate will be 1.8 x 10~ 6 gm. per gram of 
tissue. Even though the urea thus formed is slight, it might be removed 
from the sphere of urease action possibly to form a ureide and thus permit 
further urea synthesis. 

Ammonium carbamate is, however, unstable on the acid side of neutrality 
and is very rapidly converted to carbonate. No ammonium carbamate is 
formed from ammonium carbonate in plants because plant tissues have a 
hydrogen-ion concentration that is generally on the acid side of neutrality. 
Since the enzyme urease catalyzes the reaction of ammonium carbamate to 
urea and water, no urea could be synthesized because no ammonium car- 
bamate would be present ; and no ureides would be formed. It may therefore 
be concluded that urease in the plant does not function in the synthesis of 
urea. 

From the data on free energy change it becomes evident that no matter 
what steps are postulated for the synthesis of urea from ammonia and car- 
bonic acid as they exist in the plant, some energy source, such as a coupled 
oxidation, is required (15) . It is interesting to note that asparagine, another 
storage molecule for ammonia, is, like urea, an amide and also requires a 
coupled oxidation process to supply the energy for its synthesis (20). 
Whether urea formation by synthesis from ammonia is to be considered ail 
important factor in explaining the significant quantities of ureides present 
in plants remains to be seen. The investigations of Fosse suggested to 
Krebs (15) that “urea formation in plants follows mainly the same path 
as urea formation from purines in amphibians’ ’ that is, through the hydro- 
lytic formation of urea from ureides rather than through a direct synthesis 
from ammonia. 

The interesting paper by Fearon 6 ought to be mentioned. Fearon ad- 
vances the hypothesis that cyanic acid is in some way responsible for urea 
formation. He believes that carbamic acid may form cyanic acid which 
together with ammonia will produce urea. 

Insufficient attention has been paid by many investigators of hydrolytic 
enzymes to the energy values and equilibria involved in hydrolysis. Lewis 
and Burrows (16) established the fact that the free energy value in aqueous 
/ST solution at room temperature of ammonium cyanate is greater than that of 

6 Fearon, W. R. The structure of urea with reference to its deamination and syn- 
thesis by urease. Biochem. Jour. 30: 1652-1660. 1936. 
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urea ; likewise the free energy value of urea is greater than that of ammonium 
carbamate ; i.e., ammonium cyanate -» urea ammonium carbamate. If one 
assumes a 1 M. urea solution at room temperature and that no decomposi- 
tion takes place to ammonium carbamate, it can be calculated that at equi- 
librium there will be 0.0067 M. ammonium cyanate and 0.9933 M. urea. But 
since urea is decomposing to ammonium carbamate, at equilibrium little or 
no cyanate will be present. 

Any hypothesis which assumes that carbamate produces cyanate which 
in turn produces urea must in addition postulate an energy source for the 
synthesis of cyanate from carbamate. 

Summary 

1. The urease activity of Soja max has been determined by the use of 
histological and quantitative methods. The data for total urease are sum- 
marized in the graph (fig. 4), which shows the total urease content of the 
developing bean, and of the soy bean seedling throughout the life history of 
the plant. The distribution of urease in the various tissues of seedlings 
8, 15, 31, and 52 days old is illustrated in a composite picture (figs. I, 2). A 
description of the specific urease changes of the individual plant structures 
is given. 

2. In the soy bean, as in the jack bean, the changes observed in urease 
content of the plant are due primarily to the changes in urease content of 
the parenchyma cells. Neither the cambium nor the cells derived from the 
cambium contain amounts of urease that can be detected with the indicator 
reagents. 

3. The changes in urease distribution found in the jack bean and soy 
bean may be considered to hold for the Papilionaceae in general. 

4. Analyses of urease, lipase, and protease in the developing soy bean 
indicate that the changes in lipase and protease activities do not follow the 
changes in urease activity. 

5. Urease is considered a growth-bound enzyme. There is a rapid syn- 
thesis of urease in actively dividing cells. Synthesis continues during the 
stage of cell elongation, at the end of which period the urease content of the 
cell reaches a maximum. The urease content of the cell then begins to 
decrease to a certain level. 

6. The changes in respiratory activity and urease activity at various 
stages of cell development follow similar courses. 

7. It is suggested that by observing the changes of urease activity one 
may obtain an indication of the changes in the protoplasmic framework and 
soluble protein content of a cell. 

8. The data on urease and respiratory activity are in accord with the 
interpretation that protoplasmic activity in the parenchyma cell continues 
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to increase until the cell has attained its maximum size ; after that it decreases 
to a certain level as the cell becomes older. 

9. The role of urease in the intermediary metabolism of the plant is dis- 
cussed. From thermodynamic considerations it is calculated that any urea 
present in the plant cell will be converted by urease into ammonium carba- 
mate. Ammonium carbamate, being unstable on the acid side of neutrality 
(the condition in the plant cell), will be hydrolyzed to ammonium carbonate. 
It is also shown that urease cannot function in the synthesis of urea from 
ammonium carbonate in the plant cell. The presence of large quantities of 
urease, especially in the meristematie or protein synthesizing regions of the 
jack bean and soy bean, suggests that urease performs the function of releas- 
ing ammonia from any free urea present and thus makes it available for 
protein synthesis. 

10. There is no evidence that urease is transported, as such, from one por- 
tion of a plant to another. 

The writer desires to express his gratitude for the many suggestions and 
kindly criticisms of Professor F. G. Gustafson throughout the course of this 
investigation. Sincere thanks are due to Professor P. F. Weatherill of 
the Chemistry Department, University of Michigan, and to Professor H. B. 
Bull of the Agricultural Biochemistry Department, University of Minne- 
sota, for their aid and advice in the thermodynamic calculations. The writer 
is also indebted to Professor C. M. Woodworth of the Illinois Experiment 
Station for supplying the soy beans for these experiments. 

University of Michigan 
Ann Arbor, Michigan 
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SPECIFIC FACTORS OTHER THAN AUXIN AFFECTING 
GROWTH AND ROOT FORMATION 

- F . W . Went 

(with six figures) 

Introduction 

One of the most startling discoveries in the field of plant growth hor- 
mones is that auxin affects not only the growth in length of stems, petioles, 
etc., but also inhibits lateral buds, induces root formation, swellings, cam- 
bial activity, etc. This led to the conception that the auxins were stimu- 
lating substances without a clearly defined physiological activity or speci- 
ficity (Fitting, 5). In a recent paper (Went, 27) it has been pointed out 
that all effects of auxin other than cell elongation must be called secondary 
and that they all can be accounted for if we assume that other specific sub- 
stances are activated in one way or another by auxin. A few experimental 
results pointing toward such an interpretation were offered but in the fol- 
lowing paper the experimental data are given in full. It was endeavored to 
show that only in combination with other specific growth factors auxin influ- 
ences root formation, bud growth, or swellings. It also gives an example of 
a new type of experimentation which has become possible through the avail- 
ability of crystalline auxins. Whenever a plant or a part of a plant is 
flooded with auxin, other factors necessary for growth and development will 
become limiting, and in this way the existence of such factors can be demon- 
strated, and their concentration measured. The effects of the unphysiologi- 
cally high auxin concentrations, however, must not be taken to mean that 
the naturally occurring auxin acts in the same way in the normal plant, as 
has been done recently (Hitchcock and Zimmerman, 9). In the following 
paper auxin is interpreted only as a reactant, not as a factor in normal 
development. 

The auxin used in all experiments to be described is indole-3-acetic acid, 
the so-called “ hetero-auxin. ? ? The peas are a pure line of Alaska obtained 
through the courtesy of Dr. W. Brotherton. All experiments are carried 
out in a darkroom with controlled temperature (24° C.) and humidity (85 
per cent). In darkness growth is simpler to interpret because synthesis of 
a number of substances essential or accessory for growth will not take place, 
and we need to consider only those already present or synthesized in 
darkness. 

Stem and bud growth 

If we cut off the cotyledons from peas germinating in darkness, when the 
epicotyl has reached a length of one or a few centimeters, while the roots are 
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left in water, the growth. of the shoot stops very soon. This is due to a lark 
of nutrients, because if a 2 per cent, sucrose solution is offered to the cut 
surface left by the removal of the cotyledons, growth is resumed and .con- 
tinues for a considerable time, at least for one week. Addition of. auxin f*> 
the sugar solution has no effect. The same effect is produced when the roots 
are immersed in the sugar solution. This proves that the uptake of the 
sugar, necessary for growth, can take place either through the roots or 
through a cut surface. At least the roots are not necessary for the sugar 
uptake. 

These results seemed, however, to contradict those obtained in the ex- 
periments on root formation, in which a piece of stem with an apical bud was 
cut off at the base and placed in sugar solution. The growing region of the 
stem in this case practically stopped elongating. From a number of other 
experiments, however, it appeared that for this growth in length of the stem 
loth sugar and the presence of roots are necessary. To substantiate this 
statement two experiments are summarized in table I, Peas are germinated 
on wet filter paper in the darkroom. As soon as the shoots are about 1 cm, 
long they are transferred to small bottles, one per bottle, into which a few 
cc. of water are poured. When the plants have reached a suitable length 
(about 10 cm.) they are divided into four equal groups. One group is left 
intact, with both roots and cotyledons; in the second group the roots are cut 
off just below the cotyledons, which are left; in the third group the cotyle- 
dons are cut off close to the stem, leaving the roots; and in the fourth group 
the roots with cotyledons are cut off just above the insertion of the latter, 
In the first and second group the seed coats are removed to prevent; pre- 
mature decay. Then each bottle is filled with 5 cc. of 2 per cent, pure 
sucrose. 

The growth of the four groups is summarized in table I ; the results are 
clear-cut and are borne out by a number of other experiments not recorded 
here. In the first experiment the growth has been recorded for the first 
four days after the operation only: the growth of the plants without either 
roots or cotyledons is intermediate between those with or without both. In 
both groups lacking roots the growth drops off much more rapidly in the 
third and fourth day than in the groups with roots. The same is seen in 
the second experiment, where the growth has been followed for nine days: 
in the last period of four days the growth of the plants without cotyledons 
but with roots is even twice that of those without roots but with cotyledons, 
so that the former actually overtook the latter in length. This second ex- 
periment is also shown in figure 1, where the relatively constant growth rate 
of both groups with roots stands out. 

When both roots and cotyledons are cut off the shoots practically cease 
growth. Only during the first two days is there a small residual growth. 
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The most outstanding fact seems to be that plants with cotyledons, but with- 
out roots, having an abundant food and sugar supply, are far behind in 
their growth compared with normal plants. This result is not changed it 
the plants are grown under a bell jar in an atmosphere saturated with water 
vapor, indicating that the absence of the roots does not primarily interfere 
with the water uptake. Whereas in the course of a week the growth ol: the 
groups without roots but with cotyledons, and those without cotyledons but 
with roots, has reached about the same total, the type of growth is completely 



Pig. 1. Increase in length (ordinate in mm. beyond the original length of 100-150 
mm.) of etiolated pea seedlings, after removal of roots or cotyledons. Abscissa: days 
after operation. Each line represents the mean of 10 plants. 

different. In the first ease the growth drops off rather rapidly, indicating a 
rapid depletion of the factor necessary for growth in length, whereas in the 
second case it is evident that this factor is continuously supplied. Thus we 
reach the conclusion that the roots form, and the cotyledons store to some 
extent, a factor required for growth in length of the stems. There is no 
doubt about the necessity of auxin for the elongation of the stem, so that 
the factor coming from the roots has to be considered as a second growth 
factor, which has to cooperate with auxin to make growth possible. A lack 
of either will stop stem elongation. It is very likely that this factor is one of 
those summarized under the name “food factor” (Went, 23, 25). 
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A question arises about the nature of this factor coming from the roots. 
It might be that the roots are able to concentrate sugar and whatever salts 
may be present in the sugar solution. This is not likely, because as shown 
in the beginning of this section the effect of the roots is apparent only when 
sugar is present, and this sugar may be taken up through the cut cotyle- 
donary petiole- 

To obtain further evidence a number of grafting experiments have been 
performed. The same etiolated pea seedlings are used. When the stem has 
reached a length of about 10 cm. it is cut off just below the first node. Then 



Fig. 2. Increase in length (ordinate represents mm. growth beyond the original 
length of 100-150 min.) of etiolated pea seedling stems, in the course of 23 days after 
operation (abscissa). Circles: growth of normal untreated plants. Crosses: growth of 
shoots cut above the cotyledons. Black dots : growth of cut shoots, grafted on their roots 
+ cotyledons. 

it is replaced, sealed with gelatin or agar, and held in place by a short piece 
of glass tubing with a bore of the same diameter as the stem. Although the 
gelatin eventually becomes liquified by bacterial activity it still gives dis- 
tinctly better results than agar. Recently still better results have been 
obtained by direct contact of the tissues without the use of gelatin or agar. 
The growth of the grafted stems is then measured for a period exceeding 
ten days. During the first two days some residual growth still takes place 
just as in the experiments in which cut stems are placed in sugar solution. 
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Growth then ceases completely, as will be seen from figure 2. After one or 
two weeks a certain number of the grafted stems suddenly resume growth 
and develop normally, at practically the same rate as not-operated seed- 
lings. It has been found that in all those cases where growth is resumed a 
fusion of the tissues of graft and stock has occurred, and that this fusion is 
still lacking in the others which do not grow. The fusion takes place be- 
tween the vascular tissues. This experiment, which has often been repeated, 
shows that the factor, coming from the roots and necessary for the growth 
of the shoots, does not pass a cut surface but moves through living tissue 
only. "Whether this is due to inactivation of the active substance outside 
tbe cells or otherwise, has not been determined as yet. For the argument, 
however, this is not essential. Thus these grafting experiments confirm the 
conclusion, that a special substance is formed in the roots, which moves up- 
wards from cell to cell towards the apical parts of the pea stems where ii 
causes growth in length of the shoot in conjunction with auxin. I propose 
to call this substance caulocaline. 

This factor coming from the roots is the same as the factor necessary for 
growth of the axillary buds, as shown by the following experiments. If the 
same four groups of peas are made: one with both cotyledons and roots, one 
with cotyledons but without roots, one with roots but without cotyledons, 
and one without either roots or cotyledons, and if these plants are then 
placed in 2 per cent, sugar solution and decapitated, only the first three 
groups will develop axillary buds, as shown in table II. In these expen- 


TABLE II 

Growth of axillary buds in pea plants decapitated immediately after removal of 

ROOTS OR COTYLEDONS. EACH FIGURE IS THE MEAN OF 10 PLANTS 


Condition of plants 

Experiment 1 

Ex i 

i ■ ■ 

U5RIMENT 2 

Growth of axillary 

' BUDS j 

Growth of axillary 

BUBS 

With 

| AUXIN 

Without 

AUXIN 

With 

auxin 

1 Without 
! auxin 

With cotyledons with roots 

7.1 

65.8 

8.3 

26.8 

With “ without roots 

3.6 

14.0 

1.0 

1.9 

Without < ‘ with roots 

5.4 

22,7 

I 3.9 

9 . 1 $ 

Without “ without roots 

1.0 

1.0 

1.0 

1.0 

. I 


ments the effect of the roots is still more pronounced : with roots but without; 
cotyledons the growth is almost twice that of the plants without roots but 
with cotyledons. This difference from the experiments on the growth of 
the main shoots (table I) is easily explained and even to be expected, for we 
have seen already that the effect of the cotyledons is greatest in the first days, 
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and then drops off rapidly because of a depletion of the caulocaline-factor 
in the cotyledons. In the plants with roots there is a continuous supply of 
this factor, even after a week. The axillary buds start to grow rapidly only 
four or more days after decapitation, when the plants with cotyledons but 
without roots are low in the growth factor coming from the roots. Table II 
also offers a good example of bud inhibition by auxin. In the columns 4 ‘ with 
auxin” the plants are treated immediately after decapitation with a con- 
centrated auxin paste. This delays the bud growth, but does not otherwise 
change the results. This must be interpreted to mean that auxin inhibits 
lateral buds through this other factor necessary for bud growth, caulocaline. 

Another remarkable and consistent effect has been noticed in all these 
experiments. In the plants with cotyledons but without roots, just as in 
those with both, only the buds in the axil of the upper scale develop, whereas 
in the plants without cotyledons but with roots the buds on the lower node 
or the cotyledonary buds (which are not removed with the cotyledons) grow 
out. The explanation has to be sought in the relative concentrations of auxin 
and caulocaline. In all cases the buds present start to grow out, but soon 
the lower or the upper overtakes and then inhibits the others. With an 
abundant auxin supply (when cotyledons are present) the upper bud in- 
hibits the lower through its auxin production. Without much auxin (coty- 
ledon cut) the upper buds do not inhibit the lower ones; as the latter are 
closer to the caulocaline supply they will grow better. 

Swellings 

The growth of stems stops soon after decapitation because of lack of 
auxin. Growth stops after cutting the stem at the base because caulocaline 
becomes limiting. Addition of auxin to the apical cut end of a decapitated 
pea stem has an effect on elongation only in the lowest concentrations. 
Slightly higher auxin concentrations (in contrast with the Avena cole- 
optile) inhibit growth in length and still more auxin causes the upper few mm. 
of the decapitated stem to swell. Thus there is a continuous series of con- 
centrations giving first elongation, then growth inhibition and swellings. 
The following experiments make it probable that not only for growth in 
length but also for swellings the cooperation with auxin of a factoT coming 
from the roots is necessary. 

Again the same four series of plants are prepared and placed in sugar 
solution. They are decapitated and a concentrated auxin paste (1 part 
indole-3-acetic acid in 500 parts lanolin) is applied. In another series the 
decapitation is carried out two or three days after removal of the roots or 
cotyledons. At that time the plants should have used up whatever growth 
factors they had at the moment of de-rooting, and only in those plants with 
a continuous supply should swellings occur. Table III summarizes the re- 
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TABLE III 

Diameter of apical swellings of pea stems decapitated 5 mm. below tip and 

TREATED WITH CONCENTRATED AUXIN PASTE. DECAPITATION AND APPLICATION OK 
AUXIN EITHER IMMEDIATELY AFTER CUTTING OF COTYLEDONS AND ROOT'S, 

OR TWO DAYS LATER. EACH FIGURE IS THE MEAN OF 10 PLANTS 


Condition of plants 

Experiment 1 ; 

Swellings when 

Expert 

Swell tx 

M ENT 2 

CIS WHEN 

Auxin on 

IMMEDI- 

ATELY 

1 Auxin on 

AFTER 2 
! . DAYS ' ■ 

Auxin, on 

IMMEDI- 

ATELY 

Auxin on 

AFTER 2 
DAYS 


mm. 

j 

|. ■' mm. 

mm. 

; m m. 

With cotyledons with roots 

4.4 

4.2 

■ 5.5 

4.6 

With 1 1 without roots 

4.0 

2.8 

5.0 

2.5 

Without 1 1 with roots 

4.4 

3.6 

4,0 

3.6 

Without 1 ‘ without roots 

3.7 

2.4 

3.6 

2.4 

Stem diameter before treatment | 

2.2 

2.2 

■ 9 

2,2 ■ 


suits of two such experiments. It will be seen that auxin by itself is not 
able to produce appreciable swellings. Only in cooperation with someth! tig 
coming from the roots do the swellings appear. Again this factor moves 
through living tissue only, as evidenced by the following experiment. Many 
pea stems are cut off and sealed on their respective root systems (with coty- 
ledons) again. At set intervals the length of the shoots is measured, and 
some of them are decapitated and strong auxin paste is applied. Only in 
those plants in which the growth of the shoots has been resumed (indicating 
the successful junction of the tissues) appreciable auxin swellings appear. 
Although the direct experiment still stands out there is strong evidence that 
the same factor coming from the roots is necessary to give growth by cell 
elongation— in conjunction with low auxin concentrations— or will give 
swellings with excess auxin. The probable relation between such swelling 
and growth in length has been discussed elsewhere (Went, 27), 
t Czaja (4) has observed that when the cotyledons are removed from 
Vicia fab a seedlings no swellings occur after auxin treatment. From the 
picture he publishes it is clear, however, that his effect may have been the 
result of a lack of roots rather than lack of cotyledons, as he concludes. 
Based on their own experiments Jost and Reiss (1936) conclude that re- 
moval of cotyledons does not prevent the formation of auxin swellings on 
pea epieotyls. Since we know that auxin effects (like bud inhibition) may 
be transmitted across a cut surface even without actual junction of the 
tissues of the graft (Snow, 19), the experiments mentioned above with 
grafted pea stems form another argument against the hypothesis of Czaja 
(3) that the swellings occur as the result of two streams of auxin, one 
coming from the base. 



WENT: SPECIFIC FACTORS AFFECTING GROWTH 


63 


Leaf growth 

It still might he argued that in all the preceding eases the roots eontain 
a certain amount of food necessary for growth and development in general, 
or that they are able to transform sugar into such food, so that every growth 
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Beginning of experiment 


AFTER TEN DAYS GROWTH:* 


with cotyledons 
with roots 



with cotyledons 
without roots 


without cotyledons 
with roots 


I !«l 

1 


without cotyledons 
without roots 


Fig. 3. Shadow photographs of all leaves with petioles and stipules of etiolated pea 
plants in one experiment. Leaves + terminal hnd of each plant are cut off and arranged 
in a vertical row. Above, leaves of a set of plants at the moment the cotyledons or roots 
were cut off the others. 

process will be speeded up by the presence of roots. This is by no means the 
case. The effect of the roots is of a more special nature. For if we inspect 
the plants used for the experiments summarized in table I, a very marked 
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difference will be observed in the size of the terminal buds, leaves, and 
stipules, which differences do not go parallel with the presence or absence 
of roots. Figure 3 shows shadow' pictures of all the leaves which have de- 
veloped on the different groups of plants, and also the size of the leaves on a 
set of plants just before treatment, which can be considered as the controls. 
Table IV contains the actual measurements taken from these pictures. 


TABLE IV 

Measurements op leap dimensions op the experiment prom figure 3 ten days after 

REMOVAL OP EITHER COTYLEDONS OR ROOTS 


Condition of plants 

Mean leaf surface 

Petiole and leaf length 

1st 

LEAF 

2nd 

LEAF 

I i 

; TOTAL ! 

■ ; 

1st 

2nd 

1 1 

3RD ? 4TH | TOTAL 

, • 

wm. 2 

mm. 3 

j mm. 2 

mm. 

mm. 

mm * | mm, i mm. 

With cotyledons 



i ■ i 



■ i ■■ j 

with roots 

17.7 

24.5 

! 42 

12.8 : 

j 14.3 

10.2 1 4.0 4t.» 

With cotyledons 

. 


I 




without roots 

22.0 

19.5 

: 41 

13.2 

11.3 

6.6 3.1 34.2 

Without cotyledons 






■ 1 I 

with roots 

CO 

TfJ 

1 — I 

+ 10 

24 

9.8 

8.5 

! 5.2 2 25.5 

Without cotyledons 

; 



r 



without roots 

13.8 

±10 

24 

10.3 

8.4 

! 4.6 2 j 25.3 

Before treatment 

13.8 

±10 

24 

9.4 j 

! 

8.3 

| 5.0 2 24,7 

1 I- ' ' J- 


Where the cotyledons are cut off neither leaves nor stipules increase in size, 
even in presence of the roots. On the other hand, absence of the roots does 
not prevent the leaves from developing, provided the cotyledons are left, in 
which case they almost double their leaf surface in 10 days. The same rela- 
tionship is found if we measure the length of leaf blade plus petiole: no 
increase in length occurs if the cotyledons are absent. This result has been 
confirmed in another experiment; indeed, in all experiments reported here 
this phenomenon is met with. It accounts for the curious shape of the stems 
growing in sugar solution with their cotyledons cut, off. During normal 
growth the terminal bud continues to increase in size by the successive de- 
velopment and growth of new leaves, so that when a new internode elongates 
and the leaf at its lower node does not envelop the bud any more, this hud 
has grown and has the same appearance as the bud in the younger plant. 
But when the cotyledons are cut, neither the terminal bud nor its enveloping 
leaves grow any more, so that when through growth of the stem the succes- 
sive internodes develop and peel off the preformed leaf primordia from the 
terminal hud, the latter seems to shrink until it is not more than an insig- 
nificant appendage, and such a stem looks almost pointed. The same thing 
happens with the growth of the axillary buds : when only roots are present 
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they develop into long spear-like shoots, whereas the lateral buds on plants 
with cotyledons are topped by a fair-sized bud. 

If etiolated pea plants, even without cotyledons, are placed in light of 
sufficient intensity, the stipules and leaf blades will develop and grow con- 
siderably. This necessity of light for leaf blade growth is well known, and 
the lack of leaf development in darkness is one of the characteristics of the 
phenomenon of etiolation. In Kostytchew-Went (11) a good example of 
the effect of light of even short duration on the growth of Vida fala leaves 
is depicted (p. 294). Gregory (6) has quantitatively measured the incre- 
ment in leaf surface of Cucmnis plants under controlled conditions, and 
concludes that a special factor, necessary for leaf growth, is formed in the 
older leaves under the influence of light. This factor is not directly related 
with photosynthesis of carbohydrates, since the Q 10 of photosynthesis is very 
different from that of leaf growth. 

I observed a curious case of deficient leaf growth in extreme shade in the 
Botanic Gardens in Buitenzorg, Java. Gonocaryum grows there in the shade 
as a small tree. Owing to its large thick leaves it easts a dense shade on the 
ground so that only a few of the most pronounced ombrophilous plants can 
grow there. The fruits of this tree are large and enclose only one seed, 
which contains an excessive amount of storage food. The germination of a 
fruit, lying under the tree, is normal, and a shoot with many normal leaves 
develops. The shade, however, is so dense that soon these leaves are shed 
and the growth of the main stem stops. Axillary buds then develop, the 
first of these shoots still bearing some leaves, although their leaf blades are 
small and mottled. Apparently the reserves of leaf-growth substances in 
the seed are exhausted long before the rest of the storage food and the auxin 
is used up. Thus for many months such seedlings continue to send up 
shoots, without leaves, but with very small scales which develop instead. If 
such a seedling with the appearance of a witches ’-broom, and without a 
single leaf, is brought into full daylight, then at once new, though small, 
normal leaves start to develop instead of scales. This observation seems 
also to warrant the conclusion that in the light new leaf growth substances 
are formed. 

The differentiation between various growth factors by removal of coty- 
ledons, roots, apical buds, etc., is relatively rough; a much more elegant 
way is afforded by the use of monochromatic light. This at least is indicated 
by experiments -which have been performed by growing cut pea shoots in 
different colored lights, obtained by filtering the light of a strong incan- 
descent lamp through sets of Corning glass filters. Yellow and blue light 
seemed to favor leaf growth; red favors stipule development; bud growth 
was best in orange and yellow. Green light was practically ineffective for * 
all processes studied ; plants subjected to it behaved as if they were grown 
in darkness. 
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In the case of leaf-blade growth practically no evidence exists which links 
the activity of leaf-growth substances with auxin. Quite an amount of cir- 
cumstantial evidence, however, points toward the conclusion that auxin 
specifically conditions petiole and vein growth in the leaf, that is, conditions 
growth of those tissues which are built up from the beginning by elongated 
cells. Experiments, described by Laibach (12) and Avery (1)* show that 
auxin after one-sided application causes bending of the midrib due to a 
growth increase on the side of the application. I have confirmed these ex- 
periments on a number of different plants and have reached the conclusion 
that auxin does not seem to increase mesophyll growth, although it increases 
vein growth. The same effect, but in opposite direction, has been described 
by Maresquelle (16). When leaves have been attacked by lice, the meso- 
phyll bulges out without being affected otherwise, because only the growth 
of veins and midrib has been decreased as a result of the sucking of the 
aphids. Similarly there are some virus diseases known which specifically 
affect stem and vein growth, and in one such ease Grieve (1936) has shown 
that this is correlated with a lack of auxin in the virus-attacked plant. In 
all these cases only vein growth is affected, and not the mesophyll. The 
opposite case: deficient mesophyll development without change in vein 
growth is found in certain hereditary deficiencies, “deform is” in tobacco 
(Honing, 10) and “wiry” in tomatoes (Lesley and Lesley, 15). In view 
of this indirect evidence it seems sufficiently established that the growth of 
a leaf is a complex phenomenon as far as the growth of its constituents is 
concerned. Auxin regulates midrib and vein growth, but does not influence 
mesophyll development, which is governed by a special leaf growth sub- 
stance formed in leaves in the light and stored in pea cotyledons, which I 
propose to call phyllocaline. 

Root formation 

In the preceding sections we have seen that apart from auxin another 
factor is needed for growth in length of pea stems, and that, when these 
stems have been cut off, this factor disappears from them within about two 
days. A similar (or identical) factor, necessary for the production of 
swellings by excess auxin, likewise disappears in the course of two days after 
cutting the stems. 

In the case of root formation a slightly different situation might be ex- 
pected, because to induce the initiation of roots we deliberately cut the pea 
stems near the base before we treat them with auxin. This might be inter- 
preted by assuming that auxin by itself is sufficient to induce root formation. 
That this is not true will be shown in the following section. 

In previous experiments on root formation the number of roots, visible 
to the naked eye near the basal cut surface of a pea stem fourteen days after 
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treatment, has been used as a measure for the effectiveness of the hormone 
treatment ("Went, 24). When treated with relatively low auxin concentra- 
tions in water, under the prescribed conditions, the number of roots formed 
is rather small and the number of visible roots approaches the total number 
initiated. In the present studies, however, excessively high auxin concentra- 
tions have been used (0.5-2 mg. of indole-3-acetic acid per gram of lanolin), 
and since the lanolin is left on the treated plants, the auxin action is con- 
tinuous over a long period of time. Under these conditions only a small 
number (20 to 40 per cent.) of all roots initiated by the treatment grow out 
and become macroscopically visible. This is mainly due to two factors : in 
the first place, an excess of auxin prevents root elongation, and secondly, 
the material necessary for root growth in length is limited, so that an in- 
crease in number of roots initiated will cause a decrease in their ultimate 
size, until the majority never grow out. This means that, in the experiments 
to be described, the roots had to be counted under a microscope with the 
aid of cross sections of the treated pea stems. Since it was found that the 
middle part of such stems never form any root primordia, the upper and 
lower 5 mm. of each stem (or a longer region if necessary) have to be cut by 
hand into sections of about 0.1 to 0.2 mm. thickness, which are placed in 
order on slides. With a low power the root primordia are then easily visible 
at the transition between central cylinder and cortex, mostly alternating 
with the four primary vascular bundles of the central cylinder, or in connec- 
tion wuth the four small cortical bundles. Care has to be taken not to count 
the same root twice if it appears in consecutive sections. Very close to the 
point of auxin application at the apical cut surface the root primordia occa- 
sionally seem to have fused into a wide meristematic plate, and then arbi- 
trarily this has been (mentally) divided into a certain number of root 
primordia. 

The first experiment to be described is directly comparable with the 
previous experiments on growth in length. Etiolated pea seedlings are 
divided into three groups : from one the roots are cut off, from another only 
the cotyledons are removed, and the plants from the third group are left 
intact. Each plant is placed in a separate bottle with a few cc. of 2 per cent, 
sucrose solution. After four, six, or seven days a few of the treated shoots 
are cut off just above the second scale and placed in 2 per cent, sucrose; 
the 5 -mm. tip is removed and a concentrated auxin paste then applied to the 
apical cut surface. Seven days later the peas are sectioned and the number 
of roots initiated is determined. Table V summarizes the results. For 
each stem individually is recorded the number of roots formed near the 
apical and basal cut surface of the pea stems. The figures marked “ total’ ’ 
give the total number of roots formed per plant per treatment. It seems 
that as the plants grow older root formation on stems drops somewhat. This 
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TABLE V 

Number of microscopically visible roots and root primordia formed on cut pea 
stems. They have been cut and treated at their apex with auxin paste 
4 , 6, OR 7 DAYS AFTER REMOVAL OF EITHER COTYLEDONS OR ROOTS 


Stems cut from plants 

Boots 

FORMED 

Time betwe 

COTYLEDONS 

4 DAYS 

EN REMOVAL' C 
AND AUXIN A3 

6 DAYS 

F ROOTS OR 
^PLICATION 

7 DAYS 



At apex 

20 


13 


9 


With cotyledons with roots 


At base 

8 


7 . 


7 




Total 


28 


20 


16 



/At apex 

21 


8 


6 


With cotyledons without roots 


At base 

8 


4 


5 




L Total 


29 


12 


11 



j-At apex 

10, 9, 3 


2,3 


1,2 


Without cotyledons with roots 


i 

j At base 

3,3,3 


1,0 


2,0 




L Total 


10 


3 


2.5 


decrease is only about half the original value of that in the presence of the 
cotyledons, but when the cotyledons have been removed root formation 
practically falls to zero. There is a great difference between the group with 
cotyledons but without roots, with a total average of 17 roots formed per 
plant, and the group with roots but without cotyledons with an average of 
only 5 roots. Both groups had about the same growth in length, so that 
here we have a clear case of two processes, both dependent upon auxin, which 
are independent of each other because of the intervention of other factors: 
root formation is conditioned by auxin and a factor supplied by the coty- 
ledons, and growth in length takes place under the influence of both auxin 
and caulocaline. 

The experiment described above makes it clear at once that root forma- 
tion is not merely a function of the cell as such, even if it is supplied with 
sufficient auxin, but it is rather a function of the specific condition of the 
tissue, depending upon the presence of a specific factor coming from the 
cotyledons which cooperates with auxin. This conclusion is confirmed by 
the following set of three experiments. In each of them a number of long 
(30 to 40 cm.) etiolated pea shoots, grown under standard conditions, are 
selected for uniformity. These shoots are cut off just above the cotyledons 
and 5~mm. tips are removed. They are then either left intact or cut into 
2, 3, 4, 6, 8, or 10 pieces. Each piece is placed with its base in 2 per cent, 
sugar solution, and all sections from one plant are either treated by applying 
auxin paste (1 part indole-3-acetic acid in 500 parts of lanolin) to the apical 
cut surface, or are not treated and left as controls. Nine days later both the 
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apical and basal portions of each piece are sectioned, and in figure 4 the 
actual number of roots counted in each case is listed. The vertical lines 
represent the pea stems ; where these lines are interrupted the stems have 
been cut. Bach number from 1 to 24 (top row) represents one stem; all fig- 
ures below one stem number refer to roots formed on the sections of that stem. 
All numbers at the right of the upper part of a section are the roots formed 



Fig. 4. Root formation after apical auxin application, at apical and basal cut sur- 
face of sections of pea stems. The stems have prior to auxin treatment been cut into 1, 
2, 3, 4, 6, 8, or 10 sections. To the right of each section are the number of roots formed 
at apex and base in the individual plants, and the means. To the left is the total mean. 

near the apical cut surface ; to the right of the lower end of each section are 
indicated the roots formed near the base. For convenience sake the means 
and totals of roots formed are calculated, per apical or basal end as well as 
per'seetion (to the left of each line representing the section) and per plant 
(bottom row). Plant numbers 5, 10, 11, 17, 18, 20, and 21 belong to the first 
experiment ; 1, 2, 6, 7, 12, 13, 16, and 19 to the second; and 3, 4, 8, 9, 14, 15, 
22, 23, and 24 to the third. It will be seen that there is an enormous varia- 
tion in the root formation per apex or base, although the totals per plant are 
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more constant. This variation is only partially due to the fact that the 
results of three individual experiments have been combined. 

If we try to draw a conclusion from figure 4, then it is clear that one 
point stands out. If for a moment we disregard the plants 22, 23, and 24, it 
is clear that the number of roots formed per plant is the same irrespective of 
whether such a stem has been cut into 1, 2, 3, 4, or 8 pieces. This is not 
caused by a constant root formation at the apex of the apical section and at 
the base of the basal section, but the number of roots formed at the apex of 
the top section is roughly inversely proportional to the number of sections 
cut from the stem, indicating that the roots are formed at the expense of 
some factor distributed over the whole length of the stem. For this factor 
the name rhizocaline may be suggested, previously used for the root-forming 
factor moving downward in the stem which was found to be identical with 
auxin (Went, 26). The maximal root formation on one stem only occurs 
when an excess of auxin is applied at the tip of each section. Similar sec- 
tions, not treated with auxin, form only a few roots, and these only near 
the basal cut surface. The latter appear under the influence of the auxin 
present in the plant, and almost exclusively on sections bearing either a 
scale or a leaf with axillary bud. Table VI gives a summary of the influ- 

: TABLE VI 

Boot formation on pea stem sections from long etiolated plants 


Boots formed per 
section 

Section comprising 

1ST SCALE j 

2ND SCALE 

1st leaf 

2nd leaf 

Without 

node 

Controls, no auxin 

4.0 

2.3 

1.1 

p 

bo 

0.0 

Treated with auxin ... 

5.5 

o 

GO 

9.6 

14.8 

10.1 


ence of scale or leaf (or perhaps rather of their axillary buds) on root for- 
mation in sections treated or not treated with auxin. It shows that every- 
where there is enough rhizocaline present to form a considerable number of 
roots after auxin treatment, independent of the presence or absence of buds, 
scales, or leaves. The number of roots formed in the controls decreases from 
the more basal towards the more apical nodes which has to be interpreted in 
terms of a decreasing auxin production from basal to apical lateral buds. 
Thimann and Skoog (21) found the opposite in Vicia faba, but their ex- 
periments were carried out with plants grown in the light. The presence of 
buds has in itself no influence on the distribution of roots over apical and 
basal cut surface of a section after auxin treatment. The ratio of roots at 
apex to roots at base is 3.5 : 1 when a leaf, 3.5 : 1 when a bud, and 4.0 : 1 when 
no node is present in the section. 
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Perhaps the most interesting conclusion, with far-reaching implications, 
to be drawn from figure 4 is the following. From the root formation on 
the 4th or 8th sections of the stem it is evident that the rhizocaline is present 
everywhere in the stem, but that its concentration drops towards the base of 
the stem. Now the root formation on the non-cut stems shows that all rhizo- 
caline present in them becomes active at either tip or base, even that portion 
which was present in the middle sections of the stem. This leads to the con- 
clusion that auxin causes a redistribution of the rhizocaline in the stem. 


roots at base 



Fig. 5. Maeroseopieally visible roots (ordinate: roots formed per plant) on pea 
stems, 14 days after apical (circles and crosses) or basal (black dots) auxin treatment. 
Abscissa: log of the auxin concentration (in mol per liter). 

The next experiments confirm this conclusion. Before considering them, 
however, we may examine for a moment the plants 22, 23, and 24 of figure 4, 
which show such a dfferent behavior. Plants from the same series cut 
into 1, 2, and 3 sections formed a total of 36, 44, and 45 roots, behaving like 
the others in that the number of sections does not materially influence the 
total number of roots formed per stem. But those cut into 6 and 10 sections 
have formed 81 and 172 roots. It is impossible to give any satisfactory ex- 
planation for these exceptions to the scheme adopted ; that we have to con- 
sider them as exceptions also follows from the following experiments. 

Three hundred pea shoots, all about 15 cm. long, are cut above the first 
scale and 5 mm. below the terminal bud in the same way as plants are pre- 
pared in the standard test for root formation (Went, 24). They are treated 
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for 14 hours with auxin solutions in -water of varying concentration, either 
at the base or at the (split) tip. For six days they are left standing with 
their base in 2 per cent, sucrose solution, then transferred to tap water, and 
14 days after the beginning of the experiment the number of macroscopieally 
visible roots is counted, both at the tip and base. The results are reproduced 
in figure 5 (partly redrawn from Went, 27). It is evident that after apical 
auxin treatment the number of roots formed near the base increases with in- 
creasing auxin concentration. Around 10~ 4 molar concentration the maxi- 
mal number of roots is formed ; beyond that concentration it decreases again. 
At the same time, however, roots are formed near the apex ,* if the numbers 
of roots formed near base and apex are added together the curve represent- 
ing the relation between auxin concentration and root formation rises 
smoothly towards a maximum of 9 roots per plant. Below 10~ 4 molar the 
root formation caused by indole-3-aeetic acid is perfectly polar, as in the 
normal plant. But above that concentration the polarity seems partly re- 
versed. Exactly the same happens when the plants have been treated with 
auxin at their base. Below 10 -4 molar auxin basal treatment has no effect 
whatsoever on root formation, but immediately above this concentration the 
maximal number of roots (9.4 per plant) is formed near the base. At that 
concentration (10~ 3 ) the polar uptake of auxin seems to be abolished. A 
still higher concentration is highly toxic and thus does not cause any root 
formation at all. To compare this behavior with what happens inside the 
normal plant, w r e have to bear in mind that the auxin concentrations occur- 
ring in nature are of the order of 10~ 6 molar or less. This means that in the 
normal plant, and also in plants treated with auxin concentrations up to 
100 times normal, root formation is a perfectly polar phenomenon : apical 
auxin application induces root formation at the base, basal application does 
not have any effect at all. Auxin concentrations of 10~ 4 molar or higher 
induce root formation at the place of application. 

That the experiment of figure 5 is by no means an exception is shown by 
a number of earlier experiments which will not be considered in detail. In 
three experiments, each comprising about 200 plants, it was found that in 
order to cause root formation on pea stems by basal auxin treatment a 100- 
1000 times higher auxin concentration was required than for apical treat- 
ment. Numerous experiments have shown that when very concentrated 
auxin solutions are applied to the tip of pea cuttings, the number of roots 
formed at the base is less than with lower concentrations, and simultaneously 
roots appear near the treated tip. These roots are able to grow out, because 
the high auxin concentration acts only during the 15 hours of application, 
and the growth of the roots occurs later when the excess auxin has disap- 
peared. 

It is evident from these experiments that the roots at the apex are 
formed at the expense of those at the base. Here again we have a very clear 
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case of a developmental process being limited by a factor other than auxin, 
and we reach the same conclusion : namely, that a factor, which we will call 
rhizocaline, is present in pea stems in limited amounts. Without this factor 
no root formation is possible. Low auxin concentrations inside the stem 
make the rhizocaline move downwards — in the same direction as the polar 
auxin * movement — and cause root formation at the base. At high auxin 
concentrations, above 10~ 4 molar, roots will form at the place of auxin appli- 
cation, independent of the innate polarity of the stem. 

Discussion 

If we survey the evidence collected in the foregoing experiments there 
are a few important points which should be stressed and considered in 
their relations to other known facts. 

Four different processes in the development of a pea seedling have been 
studied : namely, growth in length of stems and lateral buds, apical auxin 
swellings, root formation, and leaf growth. The first three were known to 
depend on the presence of auxin, and since up to the present it has been 
principally the effects of auxin on these processes which have been studied 
the specificity of auxin has consequently been questioned. Thus the old 
idea of stimulus — which never had quite disappeared from the minds of the 
older generation of plant physiologists in relation to development — came 
up again. Thus, auxin should “stimulate” cells, and, according to the dis- 
position of each cell, it should grow in length, swell, form roots, or do some- 
thing else. In another paper (Went, 27) this problem has been discussed 
in greater detail. Here it suffices to say again that the stimulus concept in- 
volves a setting free, or release, of the energy of a cell previously in a meta- 
stable equilibrium. This involves no stoichiometrical relationship between 
stimulus and reaction. Now one of the most striking properties of the auxins 
is their quantitative action; the more we come to know about them, the 
clearer this stands out. For a whole series of compounds (including indole- 
acetic, indole-propionic, indole-butyric, indole-valeric, naphthalene-acetic 
and anthracene-acetic acid) it has been found that per mol they all cause 
the same amount of growth, provided all other conditions are strictly com- 
parable. That means that the influence of auxin on growth can only be 
explained on the basis of a chemical master reaction leading to growth, in 
which the molecules of the auxin take a part, and not by a stimulation 
‘ 6 releasing ’ ’ the ‘ 4 growth energy. ’ 9 

The other part of the comparison between auxin and stimulus may seem 
more to the point. Auxin does not cause only growth in length, but it also 
affects other cell activities. If only auxin were involved in these cell activi- 
ties, then auxin might be considered to set free one reaction or the other, that 
is to say, to stimulate, the cells determining what they were going to do once 
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auxin were there. But even in the writer's first paper on the growth hor- 
mone (Went, 23) it was pointed out that in order to explain the auxin 
effect on growth it was necessary to assume a second factor, the food factor 
(* ‘ Zellstreckungsmaterial " ) . The experimental evidence for the presence 
of such a food factor was decidedly insufficient, but the theoretical founda- 
tion was sound. Later (Went, 25) better experimental evidence for the 
food factor has been collected, so that a theoretical discussion of the relation 
of auxin to growth should include consideration of such a food factor. Re- 
cently Laibach (1936) arrived at similar conclusions; his second factor is 
identical with either the food factor or the auxin precursor. 

Independently of any previous theoretical considerations it has been 
shown in this paper that it is not the presence of auxin which determines 
whether elongation, swelling, or root formation will take place in a pea 
stem, but rather more specific, independent factors, which have been named 
“calines." Their existence so far has not been directly proven, but enough 
evidence has been collected to make their existence highly probable. In ad- 
dition the assumption of the presence and action of such calines offers the 
simplest explanation of many other effects related to growth and develop- 
ment of plants. A plant with cotyledons cut, that is, low in caulocaline but 
high in rhizocaline, will not grow in length or form swellings when auxin is 
applied, but will form roots in abundance ; conversely, it is possible to get 
plants low in rhizocaline but high in caulocaline. They will form swellings 
without roots when concentrated auxin paste is applied to their apical cut 
surface. Also phyllocaline and caulocaline can be independently affected in 
the pea stem, causing good stem elongation without leaf growth, the reverse, 
both, or none. The possibility for the demonstration of these factors lies, 
like that for auxin, in their hormonal nature. They are formed or stored 
in one part of the seedling and are effective at another place. They disap- 
pear during their action, so that a constant supply is needed. Fortunately 
the different calines are formed or stored at different places in the plant. 
Caulocaline is formed in the roots, and the cotyledons have only a small 
storage, which becomes depleted in about one week after the removal of the 
roots. The stem contains an amount hardly sufficient for one day's growth. 
Phyllocaline is stored in the cotyledons, is formed in leaves in light, and is 
not present in the stem to any extent. As soon as the cotyledons are cut 
off, leaf growth stops. Rhizocaline also comes from the cotyledons, but it 
is present in the stem in considerable quantities, which only disappear 
gradually (in the course of 4 to 6 days when the roots are left on the stem, 
but, the cotyledons removed) . In a diagram representing a pea seedling (fig. 
6) the place of formation of the various hormones is indicated. 

A connection of auxin to phyllocaline is not clear or perhaps even non- 
existent, but, to make caulocaline or rhizocaline effective, the presence of 
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Organ; Source of: 



Fig. 6. Pea seedling with indication of places of formation and storage of various 
hormones discussed in the present paper. 

auxin is required. The mutual relation between rhizocaline and auxin is 
the best investigated ; hence it may be considered first. Without auxin no 
root formation is possible. If roots are formed without the specific addition 
of auxin it means that the plant contains some auxin already. But besides 
the necessity of the mere presence of auxin to render rhizocaline active, it 
affects rhizocaline in still another way. Auxin in suitable concentrations 
conditions almost quantitative accumulation of rhizocaline either near the 
base or near the apex of a cut stem. It is clear that it is not the auxin con- 
centration in itself which is responsible for this accumulation, since no roots 
are formed in the middle portions of the stem, where, especially after treat- 
ment with high auxin concentrations, a high auxin content should be ex- 
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pected. It rather seems to he the auxin gradient which causes movement 
of rhizocaline. The naturally occurring polar auxin movement will cause 
an auxin accumulation near the base of a stem. If a very high auxin con- 
centration is applied to the apex, then a second auxin gradient may be set 
up, especially when the auxin transport mechanism becomes inadequate to 
handle the large excess of auxin at the tip. How much rhizocaline will 
accumulate near apex or base, i.e., the proportion of the total number of 
roots which will be formed at apex or base then depends upon relative mag- 
nitudes of the apical and basal gradients. Basal auxin treatment only will 
be effective when the concentration is high enough to cause basal uptake; 
it then will increase the normal gradient. 

There is only one recent paper (Cooper, 2) which has a direct bearing on 
our subject. In it Cooper has shown that treatment of lemon cuttings with 
a high auxin concentration at the base results in an abundant root formation 
especially if the leaves are present. If, after the first auxin application, the 
treated portion of the stem is cut off and the cutting is treated again with 
auxin under the same conditions, no root formation beyond that of untreated 
cuttings results. This phenomenon Cooper explains on the same basis as 
used in this paper : the auxin causes an accumulation, near the base, of a 
second factor, rhizocaline, necessary for root formation. The rest of the 
cutting is then depleted in this factor, and retreatment does not have an 
effect. 

Having seen how auxin affects the distribution of one of the calines in 
the plant, the same mechanism for the caulocaline may be examined. Lateral 
buds grow only when the apical bud is removed, and when enough caulocaline 
is available. Through the investigations of Thimann and Skoog (21, 22) 
and Skoog and Thimann (18) we know that the effect of the apical bud is 
exerted through its auxin. As long as it produces auxin the stem just below 
it grows, which means that it is supplied with caulocaline. If we now assume 
that auxin causes the caulocaline to move upwards in the stem and to accu- 
mulate near the place of auxin production, the dual effect of auxin on growth 
in length of stems, viz., promotion of stem growth and inhibition of lateral 
bud growth no longer seem mysterious. As long as the caulocaline moves 
towards the apical bud, the lateral buds are not able to grow. But as soon as 
the apical bud stops forming auxin, the lateral buds with their slight auxin 
production are able to divert the caulocaline and grow. When the auxin 
production of the apical bud is supplanted by an artificial source, then also 
the caulocaline does not reach the lateral buds. Thus the inhibition of 
growth of the lateral buds is not a direct effect of auxin, but works through 
diversion of caulocaline. Laibach's view (13), that the lateral bud inhibi- 
tion by auxin is due to its effect on the growth of other parts, has been dis- 
proven by Skoog and Thimann (18), but now the phenomenon can be ex- 
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plained through the effect of auxin on the movement of another growth 
factor . Whether accumulation of the caulocaline leads to growth or not is 
not important for the resultant bud inhibition. 

The theory of direct inhibition through auxin can explain why an apical 
bud inhibits the basal buds, but it is at a loss to explain the opposite phe- 
nomenon. If, as mentioned in the section “stem and bud growth/ ’ a lower 
lateral bud or a cotyledonary bud overtakes the apical buds in development, 
then the latter are inhibited just the same. This cannot be caused by auxin, 
since in a plant the auxin formed moves downward only. But if the caulo- 
caline is all used by the lower bud, the upper will be inhibited. The recent 
experiments of Le Fanu (14) and Snow (20) probably can find an expla- 
nation along the two-factor scheme as well. 

Since the effect of roots on growth has been shown to occur through the 
intermediary of a hormone-like factor, which can move through the living 
plant, it would be very interesting to reconsider all cases in which an effect 
of roots on growth or development of other parts of the plant has been 
described. This would require a monographic treatment of the subject, 
which had better be postponed until more is known about caulocaline and 
possible other factors. A few cases might still be mentioned, if only to 
indicate how the facts discovered on etiolated pea stems have a much wider 
application and afford a better understanding of many plant growth 
processes. 

The most marked effects of roots on stem growth have been found in the 
rootstock-scion relation. Such effects of one individual on another across a 
graft-union have generally been attributed to differences of root systems in 
regard to uptake of mineral nutrients from the soil (e.g., Winkler, 28) . We 
have seen, however, that the root system can influence the growth of the 
stem through a more specific hormone-like agent, caulocaline. A root system, 
which forms only small amounts of caulocaline, will cause stunted growth 
in the scion, even when the root system itself seems adequate as far as its 
size is concerned. 

Another clear case of the effect of the presence of roots is provided by 
greenwood cuttings. The growth of such cuttings stops completely after a 
short time. It is not resumed until roots have been formed. Growth is then 
proportional to the extent of rooting of the cutting. Thus it is very easy to 
tell by the growth of the cutting whether it has rooted or not. 

One of the methods to keep plants stunted or dwarf-like is to cut their 
roots far back or to prevent their growth otherwise (see Molisch, 17), which 
of course will interfere with the caulocaline supply towards the stem and 
branches. 

Remarkable and illuminating is also an analysis of the figures of Bage- 
mann (8). ' He made leaf cuttings by sticking the petiole in the sand of the 
propagating frame and noted the time of first appearance , of roots and 
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sprouts. He examined many hundreds of species, and found that only 32 
per cent, of the species tested never formed any regenerates on their leaves 
or petioles; 42 per cent, formed roots only; 2 per cent, sprouts only; and 
24 per cent, formed both roots and sprouts. From these figures it is at once 
clear that there is a close correlation between the formation of roots and 
sprouts ; only when the former are present do sprouts also appear. But the 
correlation is still more pronounced. In the 142 plants which formed both 
sprouts and roots, not a single one had sprouts before the appearance of 
the roots ; in 19 the sprouts appeared rather soon after or simultaneous with 
the roots, but in most cases it took 3 to 6 times longer for sprouts to form 
than for roots. This means that roots had to be present before sprouts would 
develop. The interpretation of these facts is evident. Leaves produce both 
auxin and rhizocaline. So roots can be formed on petioles, provided all other 
conditions are favorable. Once the roots are there, then caulocaline becomes 
available, and with the auxin from the leaves, sprouts are able to develop. 

In the case of deciduous plants, which store not only storage food but 
also hormones, the necessity of leaves and roots for development will not be 
so apparent. 


Summary 

1. It has been shown that, although auxin is necessary for growth in 
length of stems, apical swellings, and root formation in pea seedlings, it is 
not the only specific growth factor involved in these processes. It could be 
shown that also the presence of other hormone-like factors, “calines,” is 
required. Without caulocaline, which is formed in roots, no elongation of 
the stem or lateral buds takes place. Probably the same factor is necessary 
for the development of swellings after treatment of the apical zone of the 
stem with a high auxin concentration. Rhizocaline, coming from the cotyle- 
dons, must be present to cause root formation in conjunction with auxin. 
Phyllocaline is necessary for leaf growth. 

2. Auxin causes a redistribution of the calines in the plant, and with the 
aid of this phenomenon polar root formation and bud inhibition can be 
further explained. The specificity in development, the decision as to whether 
under the influence of auxin roots will develop, or growth in length or thick- 
ness will take place, depends on the relative concentration of the various 
calines. They belong to a new group of plant hormones. So far it has been 
impossible to handle them outside living tissue. 

California Institute of Technology 

Pasadena, California .\y v; . 
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BUD REGENERATION AND ELECTRICAL POLARITIES 
IN PHASEOLUS MULTIFLORUS 

W*. S . Ebhm 
(with five figures) 

Introduction 

Various investigators have reported experiments on the relationship 
between the growth substance and the inhibition of the lateral buds in seed- 
lings of Leguminosae. Thimann and Skoog (24) and Skoog and Thimann 
(20) have demonstrated that the growth hormone when applied to the cut 
surface of decapitated plants of Vida faba reversibly inhibits the lateral 
buds. Hitchcock (5) has shown that lateral bud inhibition could be pro- 
duced by the application of various chemicals, including indole-acetic acid, 
indole-propionic acid, or ethylene or propylene gases to decapitated tobacco 
plants. Thimann and Skoog (24) have advanced the hypothesis that the 
growth substance is transported directly to the buds where it prevents the 
buds from producing their own hormone, which, according to these investi- 
gators, prevents the growth of the buds. Laibach (9), on the other hand, 
supposes that the hormone does not act directly on the buds but produces a 
secondary reaction which in turn causes the inhibition. In this connection 
it is of interest to note that LeFantj (10) was unable to detect any appre- 
ciable amounts of auxin in inhibited lateral shoots of Pisum sativum. 
Boysen Jensen (1) obtained no release of inhibition when he applied growth 
hormone in various ways to the inhibited buds of several plants. Snow (22) 
has demonstrated that there is an inhibiting influence that may travel both 
apically and basipetally. However, in a recent paper Snow (23) found 
that the growth substance could travel upwards and cause both growth and 
inhibitory effects. Most of the workers in this field have found that the 
growth substance in physiological concentration travels only downward. 
Obviously the mechanism by which the growth hormone may bring about 
the inhibition of the lateral buds is one that has not been completely 
explained. 

The present paper is concerned with the relationship between bioelectric 
currents and bud inhibition. A number of investigators have presented 
evidence to show that the hormone may be transported electrophoretically 
by the inherent potential differences. Went (25) has proposed, on the basis 
of his experiments on the uptake of dyes (which experiments have been con- 
firmed by Clark, 4), that the apices of these plants are negative to their bases 
and that this electrical polarity transports the hormone. A discussion of 
this theory will be postponed until later. It must be kept in mind, however, 
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that the longitudinal transport of the growth substance is not necessarily the 
only role that bioelectric potentials might play in these phenomena. On the 
basis of the present status of the work in this field, it is possible that bioelec- 
tric potentials may influence the distribution of the growth hormone in the 
nodes of plants with inhibited lateral buds, or they may be involved in this 
phenomena in some as yet undetermined manner. 

In a previous paper (17) the writer reported that he found in intact 
vegetative plants of Phaseolus multiflorus electrical polarities of relatively 
constant orientation in the regions of the axillary buds. In that paper a 
method was described for measuring potential differences between various 
loci of the plant. The loci between which the potential differences were 
measured are labelled in figure 3 A. The potential differences between 
AiBi, AiP 1? and AiP/ were designated as the first node potentials, simi- 
larly, A 2 B 2 , A 2 P 2 , and A 2 P/ as the second node potentials. In “ unstimu- 
lated ? ’ plants, A was found to be negative in the external circuit to the 
other loci at a given node and this orientation was referred to as the normal 
one. 

A portion of the work reported here was done at the University of Texas. 
For the experiments done there, the same method was used as that described 
in the previous article. The plants were raised in a greenhouse and placed 
in a light chamber 24 hours before an experiment ; the potentials were meas- 
ured either with a potentiometer or with a Compton Quadrant Electrometer, 
During this last year the writer has been continuing this work as a guest of 
the Department of Botany of the University of Chicago. He wishes to take 
this opportunity to thank Professor Charles A. Shull for the many cour- 
tesies extended to him. At Chicago the plants were grown and measured in 
a greenhouse, the potentials being measured with a Compton Quadrant Elec- 
trometer. Because of the variation of the temperature during the day, 
experiments involving short periods of time were performed at night in the 
greenhouse. Under these conditions the temperature did not usually vary 
more than 2° C. during any given experiment. It must be emphasized that 
the plants used in the experiment reported here were all definitely in the 
vegetative state. Essentially the same results were obtained under the con- 
ditions of the light chamber and under the conditions in the greenhouse. 

Experimentation 
Internal polarities 

The first problem that the present paper is concerned with is an attempt 
to investigate the internal electrical polarities of the node. Lund (11) 
found, in his experiments on the Douglas fir, an internal polarity that was 
oriented oppositely to the external one- The possibility that the hormone 



REHM: BUD REGENERATION AND ELECTRICAL POLARITIES 


83 


may be transported by the electrical currents makes it particularly pertinent 
to investigate the nature of the internal polarities. 

For the purpose of measuring internal electrical polarities, small glass 
“pipes” of about one centimeter length were inserted into the plant so that 
the end of the pipe was at the center of the stem or petiole. Figure 1 shows 
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Fig. 1. Diagram on the left shows the position of the pipe contacts. The middle 
diagram shows the manner in which contact was made between the pipe and the contact 
cnp. The diagram on the right represents a simplified portrayal of the possible path of 
current through the plant. 


the method of leading off the potentials. The pipe was filled with Shivers 
solution and inserted into the plant. A contact cup of the same kind as 
shown in the previous paper (fig. 1) was filled with Shive’s solution and 
brought close to the bowl of the pipe so that a drop of solution bridged the gap 
between the pipe and the contact without the contact actually touching the 
pipe. This arrangement permitted the plant to move without the stimulation 
that a rigid contact would produce. A Zn: ZnS0 4 electrode was placed in 
the contact cup and the potentials were measured in the usual way. The 
first measurement after placing one of these contacts in the stem showed a 
decided negativity of the internal contact with respect to an external contact. 
That is, for example, A x was always markedly positive in the external circuit 
to Xi immediately after the pipe contact X x was placed in the stem. The 
potential difference between two such contacts decreased with time and in \ 
hour to 2 hours reached a fairly constant value. After some preliminary 
experiments the following definitive experiment was performed. Four intact 
plants were taken and contacts were placed as shown in figure 1. Since the 
potential difference between an outside contact and an inside contact reached 
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a constant level within 2 hours, it was assumed that 4 hours would allow time 
for the immediate effects of injury to disappear. Consequently, 4 hours 
after placing the contacts on and in the plant, readings were taken between 
the various loci at fifteen-minute intervals over a period of 4 hours. These 
experiments were performed in the greenhouse at night. The temperature 
varied from 23° C. to 24° 0. The results are shown in table I. It will be 

TABLE I 

Orientation and magnitude of the internal and external electrical polarities in 

THE FIRST NODE. LOCI OF THE VARIOUS CONTACTS INDICATED IN FIGURE 1. 

Potential differences in millivolts. Por further 
EXPLANATION SEE TEXT 


Plant 

AA 

AjPi 

X a Y a 

XjZj 

A a X, 


PiZi 


mv. 

mv. 

mv. 

mv. 

mv. 

mv. 

mv. 

1 

-30 

- 15 

-29 

-29 

+ 10 

+ 11 

- 4 

2 

-25 

-25 

-14 

-14 

+ 4 

+ 15 

+ 15 

3 

-25 

-20 

-17 

-19 

- 3 

+ 5 

— 2 

4 

-15 

-10 

-26 

-15 

- i : 

i 

-12 

: - S 


noted that the node potentials A x Bi and AJPi possessed the normal orienta- 
tion during this period. The potential differences XiYx and XiZ t are all 
negative, that is, Xi is negative in the external circuit to Yi and Z v This 
demonstrates that the internal polarities measured by this method possess 
the same orientation, i.e apical negativity, as do the polarities measured on 
the outside of the plant. The potential differences between an outside con- 
tact and the corresponding internal one are given in columns 5 and 8. The 
radial polarities, as can be seen from an examination of these measurements, 
are not as constant as the longitudinal polarities. On the basis of these 
results, a simplified diagram that would be consistent with both the internal 
and external longitudinal polarities having the same orientation is presented 
in figure l. 1 This diagram represents the possible paths of current flow. It 
may be pointed out according to this diagram that the measured potential 
differences may be only a small fraction of the total RI drop in the plant. It 
would also follow that the total amount of current that can be drawn off from 
the plant may represent only a small fraction of the actual current density 
in certain regions within the plant. On the basis of the present experiments 
it is obviously impossible to say just where the cells producing the electrical 
potentials are located or whether or not there may be oppositely oriented 
gradients between the pith and the cortex. In this simple diagram no 
attempt has been made to represent the radial polarities. 

1 For evidence that the individual cells give rise to the measured potential differences 
in plants the reader is referred to the work of Lund (12), Marsh (14), and Rosene 
(18). .. 
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Effect of decapitation on the node potentials 
In determining tlie effect of decapitation on the node potentials, it is 
necessary to eliminate the effect of mechanical stimulation at the contacts. 
A sharp movement of the stem or petiole against one contact caused the 
stimulated region to become more negative with respect to an unstimulated 
region. That is, if the plant was stimulated in the region of Ai, this contact 
became more negative with respect to B x ; and if stimulated at B x , B x became 
more negative to A x . After stimulation, the potentials returned to normal 
in 5 to 15 minutes. To prevent this type of stimulation the plant was 
clamped between the node where the potentials were measured and the point 
of decapitation. A clamp with a large diameter was placed around the plant 
and the space between was filled with modelling clay; this procedure did not 
injure the plant in any observable way. The transmission of electrical 
variations produced by a mechanical stimulus has been reported for various 
plants by several investigators (Bose, 2, Houwink, 6). However, in these 
experiments it was found that bending the plant above the clamp or giving 
it a sharp blow with a glass rod produced no observable effect on the node 
potentials. It must be pointed out that the period of the instruments em- 
ployed in the experiment reported here was 15 seconds at the minimum and 
that electrical variations of shorter duration than this may have escaped 
detection. However, these experiments in which no effect was observed in 
the node potentials serve as an adequate control for the following experi- 
ments on the effect of decapitation. 

Decapitation of the plant produced an immediate response in the poten- 
tials of the node below the point of decapitation. In the course of various 
experiments, more than 30 plants were decapitated below the second node 
and the potentials of the first node measured. At least 5 plants were used 
in each of the other experiments of this group. The plants were always 
clamped to prevent movement against the contacts. The plants were decapi- 
tated directly above the clamp with a sharp razor. The temperature at which 
the various experiments were carried out varied from 20° to 28° C., though 
the temperature did not usually change more than one degree during the 
course of any one experiment. 

Figure 2 shows the typical effect of decapitation below the second node 
on the potentials of the first node. At the time indicated by the first arrow 
the plant was decapitated and the node potentials greatly increased in mag- 
nitude, Ai becoming more negative with respect to B x , P x , and P/. The 
magnitude of the potentials then diminished, and in about an hour they had 
returned to their former magnitude. The next experiments were designed 
to determine if this response was caused by the loss of the apex or simply by 
the effects of cutting. A typical response to cutting of the stem of a decapi- 
tated plant is shown in figure 2A. At the time indicated by the second arrow 
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a section was ent from the top of the decapitated plant. This response was 
similar to the first, although of smaller magnitude and duration. Even 
though much longer periods of time (up to 24 hours) elapsed before the sec- 
ond cut, this response was always of smaller magnitude than that following 
the original decapitation. 

It was mentioned above that certain mechanical stimuli (bending and 
hitting) failed to elicit a response when applied above the node. However, 
cutting or crushing the stem of an intact plant produced a response in the 


MILLIVOLTS 



Pig. 2. The effect of decapitation on the node potentials of the first node. At the 
time indicated by the first arrow, the plant was decapitated. At the time indicated by 
the second arrow, 1.3 centimeters of the top of the decapitated plant was cut off. 

node potentials. B, figure 3, shows a typical response to pressure on the 
stem. In this experiment the stem was squeezed with a pair of forceps with 
glass tubes placed over their tips. Gentle and fairly large pressures failed 
to produce a response in the node potentials. At the time indicated by the 
arrow, however, the stem was crushed by applying great pressure to the for- 
ceps. As can be seen from the figure, this caused an increase in the magni- 
tude of the node potentials with a rather slow recovery. It was observed in 
plants decapitated between the second and third nodes that the buds of the 
first node often grew out as rapidly as those of the second node. Therefore 
the next step was to investigate the effect of decapitation on the first and 
second node potentials. 

A, figure 3, shows the effect of decapitation below the third node on these 
potentials. The response of the second node potentials is seen to be similar 
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in magnitude and duration to the response of the first node potentials as 
represented in figure 2. In the first node potentials of the plant in A, figure 
3, there was a small response in which the node potentials became slightly 
greater in magnitude. For convenience of presentation the response of the 
node potentials AiPi and AiPF are omitted in this figure; the response of 
these potentials was similar to that of AiBi. A similar change was found 
in the second node when the plant was decapitated below the fourth node. 
These responses of the second node below the point of decapitation were 
always small and sometimes were within the limits of normal variation of the 



Pig. 3 . A, the effect of decapitation below the third node on the node potentials of 
the first and second nodes. At the time indicated by the arrow, the plant was decapitated. 
A X P X and A X P X ' are omitted from this figure for the sake of clarity. The response of 
A X P X and A X P/ was similar to that of A X B X . 

B, shows the effect of crushing a portion of the stem on the first node potentials. 
A X P X is omitted ; its response was similar to that of A X B X and A X P/. The position of the 
clamp is shown in this figure. 

node potentials. When the plant was decapitated below the fourth node, 
the potentials of the first node ( i.e of the third node below the point of 
decapitation) did not change. At this juncture it may be pointed out that 
in 4 of these plants decapitated between the third and fourth nodes the buds 
of the first node grew out as rapidly as the buds of the higher nodes. In all 
experiments where the potentials of the node immediately below the point 
of decapitation were measured, a typical response, as shown in figure 2, and 
in A, figure 3, was observed. However, the particular shape of the recovery 
curves varied somewhat. The difference between the shapes of recovery 
curves in figure 2, and in A, figure 3, is not typical for the first and second 
nodes ; the recovery curves of both nodes usually showed several plateaus or 
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dips. The experiment represented by A, figure 3, was selected in order to 
demonstrate that the recovery curves sometimes were suggestive of a diphasic 
variation. A discussion of the role of these responses in bud regeneration 
is postponed until later. 

One important point to be brought out here is that, after the immediate 
response to decapitation, the node potentials return to approximately their 
former magnitude. The question then arises, is there any later response of 
the node potentials to decapitation, and if so, is there a relationship between 
it and regeneration ? 

Regeneration op buds and the node potentials 

Procedure. — In eleven plants the node potentials and the increase in 
length of the buds were measured for periods of from 80 to 120 hours after 
decapitation. Six of these plants were measured in the light chamber de- 
scribed in the preceding paper, and the other 5 were measured in the green- 
house. In 3 of the plants measured in the light chamber, the potentials were 
measured approximately every hour over a period of 100 hours. For the 
rest of the 11 plants the measurements were less frequent ; usually readings 
were made at 1- or 2-hour intervals for two 6-hour periods each day. Ten 
of the plants, including the 3 plants measured at 1-hour intervals, were de- 
capitated below the second node, and the first node potentials and the increase 
in length of the buds of the first node were measured. One plant was de- 
capitated below the third node, and the buds and potentials of the first and 
second nodes were measured. 

Change in node potentials. — For convenience of presentation the re- 
sults are summarized as follows. The immediate effect of decapitation was 
typical in all plants. The node potentials showed, after the immediate effect 
of decapitation was over, spontaneous fluctuations similar to those described 
for intact plants in the previous paper. However, it was observed after 
averaging the readings of each successive 6- or 10-hour interval that the 
average magnitude of the node potentials in each case gradually diminished 
after decapitation. This diminution extended over a period of from 20 to 
40 hours, and in the course of this time at least one and sometimes all of the 
node potentials became positive. The potentials continued to fluctuate at or 
above zero, though in some plants they definitely returned to normal before 
the end of the experiment. 

Figures 4 and 5 show the typical course of the node potentials after 
decapitation. These curves represent 2 of the 3 plants referred to above 
in which readings were taken at approximately 1-hour intervals throughout 
the experiment. B, figure 4, represents the course of these potentials in one 
of the plants from the time of decapitation until about 40 hours afterward. 
Each point corresponds to a single reading. As can be seen in this graph, 
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Pig. 4. Relation between the node potentials and the regeneration of the buds. 
A. Each point represents the average potential difference for ten hours. B. Each point 
represents a single reading. 

these potentials fluctuate, and may return to a normal orientation for sev- 
eral hours, even after they have been inverted. For A, figure 4, and figure 
5 the readings were averaged, each point representing a 10-hour interval. 
The change in the potentials shown in figure 5 is of average magnitude and 
illustrates the points brought out above. A, figure 4. representing the same 
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Pig, 5. Kelation between node potentials and regeneration of the buds. Each point 
represents the average potential difference for ten hours. 

plant as B, figure 4, also illustrates these points ; but in this instance the 
change in the magnitude of the potentials was greater than usual. 

TABLE II 

Comparison op the average op the node potentials in decapitated and intact plants. 
Each number represents the average op three node potentials, AA, A 1 P j , 

AND AjP/, POR AN INDIVIDUAL PLANT. POTENTIAL DIFFERENCES IN 
MILLIVOLTS. For FURTHER EXPLANATION SEE TEXT 


Plant 

Decapitated plants 

Intact plants 

20 HR. 
BEFORE 
DECAP. 

1st 30 hr. 

AFTER 

DECAP. 

2nd 30 HR. 

AFTER 

DECAP. 

1st 

20 HR. 

Next 

30 HR. 

2nd 

30 HR. 


mv. 

mv. 

mv. 

mv. 

mv. 

mv. 

1 

-23 

- 9.6 

+ 10 

-27.5 

-25 

-26 

2 I 

-11 

- 2 

+ 8 

-30 

-24 

-34 

3 j 

- 8 

+ 3 

+ 10 

-30 

-35 

-15 

4 

-30 

-15 

-14 

-15 

-16 

-18 

5 

-37 

-26 

- 8 

-17 

-14 | 

-16 

6 

i -18 

-13 

- 6.6 

-13 

-14 

- 9 

7 

-19 

- 3 

+ 12 

-12 

-12 

-17 

8 

-26 

-14 

- 5 

-11 

-22 

- 8 

9 

-25 

- 1 

+ 1 

-10 

-16 

-20 

10 

-15 

-12 

- 2 

-12 

! -11 

-15 

Avg 

-21.2 

- 9.3 

- 0.5 

- 17.7 

-19.4 

-17.8 


In table II the 3 node potentials of all 10 decapitated plants were aver- 
aged for 3 periods: (a) before decapitation, (b) the first 30 hours after 
decapitation, (e) and the second 30 hours after decapitation. For controls, 
the node potentials of 10 intact plants (from previous paper, 17) were 
averaged for three periods : (a) the first 20 hours, (b) the next 30 hours, (c) 
and the succeeding 30 hours. In each of the decapitated plants the average 
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of the node potentials was more positive for the first 30 hours after decapita- 
tion than for the period before decapitation, and more positive for the second 
30 hours than for the first 30 hours. On the other hand, in the intact controls 
the average of the node potentials was approximately the same for all three 
periods. As a final check on the effect of decapitation on the node potentials, 
the potentials of the first and second nodes of two plants raised and measured 
in the greenhouse were followed for 100 hours. One of these plants was 
decapitated below the third node, while the other one was left intact. In 
the intact plant, all of the node potentials remained normal throughout the 
entire experiment, while in the decapitated plant the potentials of both 
nodes exhibited the typical change after decapitation. 

Node potentials and bud growth.— The length of the buds was 
measured with a pair of calipers which were adjustable by a fine screw. 
A mark was made with India ink on the node at the base of the bud, and 
the distance between the top of the mark and the tip of the bud was 
recorded as the length of the bud. The limit of accuracy of this method 
was about 0.25 millimeter. 

In 4 of the 11 plants in which both bud growth and node potentials were 
measured, the buds did not start to grow out until 60 or more hours after 
decapitation. However, the node potentials in these plants showed the 
typical change after decapitation and were therefore diminished or inverted 
for 40 or more hours before any observable increase in the length of the 
buds. In 7 of these 11 plants the buds started to grow comparatively soon 
after decapitation. In 4 of these 7 plants both buds grew out ; and in the 
remaining 3 plants only one of the buds definitely grew out. In every one 
of the 7 plants referred to above the node potentials definitely diminished 
before the buds started to grow. However, a given bud may start to grow 
before the corresponding node potential has become inverted. This is 
illustrated in B, figure 4; bud P/ started to grow before the node potential 
AiPi/ had become inverted, although this potential had diminished and was 
of comparatively small magnitude. 

In 4 plants in which both buds grew out, the node potentials AiPi and 
AiP/ followed one another fairly closely from the time of decapitation to 
the end of the experiment. This is illustrated in A, figure 4. On the other 
hand, in the 3 plants in which only one bud definitely grew out, there was 
a marked difference between the node potentials AiPi and AiP/. In each 
of these plants the node potential corresponding to the inhibited bud was 
definitely less positive than the node potential corresponding to the grow- 
ing bud. In two of these plants the inhibited bud did not increase in length 
during the entire experiment. However, in the third plant, illustrated in 
figure 5, the “inhibited” bud started to grow, but became inhibited before 
the end of the experiment. In this plant the node potential AiPi, cor- 
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responding to bud Pi, returned to the normal orientation simultaneously 
with the inhibition of bud Pi. Later the node potential A 1 P 1 ' also returned 
to the normal orientation. In fact, as can be seen from an examination of 
the results presented in table III, the node potentials frequently return to 
normal after the release of the buds. 

TABLE III 

Comparison of the node potentials and growth of the buds in decapitated plants. 
Columns 5 and 6 represent the length of the buds in centimeters. 
Columns 7 and 8 represent the increase in length of the 
BUDS DURING THE FOUR-HOUR INTERVAL. COLUMN 9 GIVES 
THE POTENTIAL DIFFERENCE FROM V 1 TO P x ' 


Plant 

A a Bi 

AjPi 

A a P/ 

Pa 

p/ 

APx 

pJ 

<1 

PaP/ 


mv . 

mv . 

mv . 

cm . 

cm . 

cm . 

cm . 

mv . 

1 

- 9 

- 9 

+ 4 

0.50 

0.55 

0.00 

0.08 

+ 13 

2 

+ 5 

-10 

+ 6 

0.70 

2.50 

0.00 

0.30 

+ 16 

3 

-31 

-30 

-14 

0.48 

5.70 

0.00 

0.70 

+ 16 

4 

-20 

- 3 

+ 14 

0.75 

9.50 

0.00 

1.10 

+ 17 

5 

4 13.5 

- 9 

+ 5 

8.30 

16.80 

0.05 

1.70 

+ 14 

6 

+ 4 

-11.5 

-12.5 

1.30 

1.65 

0.14 

0.16 

- 1 

7 

+ 21 

- 5 

- 3 

4.00 

6.20 

0.20 

0.40 

+ 2 

8 

- 6 

-15.5 

-12.5 

6.85 

5.35 

0.75 

0.85 

+ 3 

9 

+ 7 

+ 5 

+ 5 

8.60 

9.70 

0.74 

0.88 

0 

10 

-20 

- 3 

- 5 

7.30 

12.30 

0.55 

0.76 

- 2 


For further confirmation of the relation between the inhibited bud and 
the corresponding node potential, 10 decapitated plants were selected, 5 of 
which had one bud growing and the other bud inhibited, while the remaining 
5 had both buds growing. The node potentials and the increase in length 
of the buds of each plant were measured for 4 hours. This work was done 
in the greenhouse, and because of the variation of temperature during the 
day, the experiments were performed at night. The temperature did not 
usually vary more than one or two degrees during any experiment. The 
temperature limits for this group of experiments were from 20° C. to 24° C. 
In this series of experiments the length of the buds was measured with a 
horizontal microscope, giving an accuracy of about 0.1 millimeter. The 
results of these experiments are shown in table III. The average values of 
each of the node potentials are given in the second, third, and fourth columns. 
Columns 5 and 6 give the initial length of the buds in centimeters, and col- 
umns 7 and 8 give the increase in length of the buds during the four-hour 
period, also in centimeters. It can be seen from columns 7 and 8 of the 
table that, in the first 5 plants, the bud Pi remained practically or completely 
inhibited throughout the experiment, while bud P/ definitely increased in 
length. On the other hand, in the last 5 plants, both buds increased in 
length. In the first 5 plants, AiPi, corresponding to the inhibited bud, was 
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definitely more negative than AiP/, corresponding to the growing bud. In 
contrast with this, in the last 5 plants the average node potentials were of 
approximately the same magnitude. To clarify these results the potential 
difference between Pi and Pi' was calculated from AiPi and AiP/ and is 
given in the last column of the table. That this procedure is permissible 
has been amply demonstrated by Lund and Bush (13), Ramshorn (16), and 
Clark (4). It may be pointed out here that the writer has tested this 
principle in Phaseolus and has found that it always holds. It can be seen 
that PiPi 7 is definitely positive in all of the first 5 plants, while in the last 5 
plants it is comparatively small. That is, in plants with both buds growing 
out, the node potentials AiPi and AiP/ were of approximately the same 
magnitude, and therefore PiP/ was of small magnitude. In plants with one 
bud inhibited and the other one growing, the node potential corresponding 
to the growing bud was definitely more positive than the node potential 
corresponding to the inhibited bud. For example, if bud Pi was inhibited 
and bud P/ was growing, AiP/ was more positive than AiPi and therefore 
PiPi' was definitely positive. Since these last experiments showed a definite 
correspondence between the electrical polarity from petiole to petiole and 
the conditions of the buds, the question arose as to whether or not there was 
also a correspondence between the electrical polarity of the buds themselves 
and the state of the buds. 

In order to answer this question, 8 plants were chosen, 4 of which pos- 
sessed buds of approximately equal size, while in the other 4 one bud was 
definitely larger than the opposite bud. In these experiments contacts werq 
placed on the buds 1.5 centimeters from the center of the corresponding node. 
Measurements were taken between Ai and these contacts. In table IV, AiQi 
refers to the potential difference between Ai and the contact on bud Pi; 
similarly AiC/ refers to the potential difference between Ai and the contact 
on bud P x . Measurements were taken at night in the greenhouse every 15 
minutes over a 4-hour period and each value in the table represents the aver- 
age for this period. The temperature limits for this series of experiments 
were from 18.5° C. to 21° C. 

It can be seen in this table that Ai is definitely positive in every case to 
the contact on the bud. In each one of the first 4 plants in which a large 
difference in the size of the buds occurs, the potential difference represented 
by AiCi (Ci representing the smaller bud) was less positive than the other 
potential difference represented by AiC/. This relationship is similar to the 
one found between the size of the buds and the node potentials AiPi and 
AiP/. The average potential difference between Ci and C/ was calculated 
from AiCi and AiC/ and is given in the last column. This potential differ- 
ence is definitely positive in the first 4 plants, i.e,., the base of the smaller and 
more inhibited bud is positive to the base of the larger bud. In the last 4 
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TABLE IV 

Comparison op the potential differences between A x Ci, A 1 Ci / and the size of the 

CORRESPONDING BUDS, P 3 . AND PA C x AND 0/ WERE CONTACTS PLACED ON THE 
BUDS 1.5 CM. FROM THE CENTER OF THE NODE. THE LAST COLUMN 
REPRESENTS THE POTENTIAL DIFFERENCE FROM THE BASE OF 
THE SMALLER BUD TO THE BASE OF THE LARGER BUD 


Plant 

AA 

AA' 

p! 

. 

p/ 

CA' 


mv. 

mv. 

cm. 

cm. 

mv. 

1 

+ 10 

+ 34 

3.1 

12.2 

+ 24 

2 

+ 13 

+ 24 

8.3 

16.8 

+ 11 

3 .................. 

+ 28 

+ 37 

8.6 

15.0 

+ 9 

4 

+ 19 

+ 32 

5.4 

11.0 

+ 13 

5 

+ 45 

+ 46 

5.6 

8.5 

+ 1 

6 

+ 42 

+ 48 

8.6 

9.7 

+ 6 

7 , 

+ 38 

+ 36 

4.3 

4.5 

- 2 

8 

+ 40 

+ 32 

4.7 

5.2 

- 8 


plants, the actual magnitudes of the potential differences of A 1 C 1 and AiC/ 
are greater than in the first 4 plants. On the other hand, the difference in 
magnitude between A 1 C 1 and A 1 C 1 ' is definitely less; that is, CiCi' is of 
smaller magnitude in the last 4 plants. This relationship again parallels 
that found between the node potentials A 1 P 1 and AiP/ and the size of the 
buds. 

The question then arose, is there a definite electrical polarity between the 
apical region of a large growing bud and a homologous region of the opposite 
smaller bud? Pour plants were chosen that possessed buds of unequal size; 
in each case the large bud was over twice the size of the smaller bud. Con- 
tacts were placed on the stem directly below the apex of each and the poten- 
tial differences were measured between these two loci at 15-minute intervals 
for a 4-hour period. These experiments were also performed in the green- 
house at night. The temperature limits were from 19.5° C. to 21° C. The 
apical region of the larger bud was found to be strongly negative to that of 
the smaller bud. The average potential differences for the four plants were 
- 32, - 37, - 42, and - 51 millivolts respectively. It is well known that the 
inhibitory influence travels from the growing bud to the inhibited bud. 
Since the inhibitory influence travels downward in intact plants, the ques- 
tion then arose, is there a similar polarity between the apex and the base 
of intact plants ? 

Eight intact plants were selected with 2 nodes developed and with an 
average height of about 1J feet. In each plant one contact w r as placed on 
the stem directly below the apex and another contact on Bi, directly below 
the first node, and readings were taken every half-hour over a 4-hour period. 
The experiments were performed at night in the greenhouse ; the temperature 
limits were from 21° C. to 25° C. The averages of these readings are pre- 
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sented in table Y. In all of the plants except the second, in this table, the 
apical contact was definitely negative to the basal one. 


TABLE Y 

Potential difference in millivolts between the apex and base of 

EIGHT INTACT PLANTS 


Plant | 1 

2 

1 3 . 

4 

1 5 

1 6 

i 7. 

8 

I mv. 

mv. 

mv. 

mv. 

mv. 

mv. 

mv. 

mv. 

P.D. ...... | - 51 

+ 4 

-70 

-41 

-48 

- 14 

-32 

-28 


The question then arose : Is there a continuous potential gradient along 
the stem or are there polarities that are oppositely oriented to the main one? 
For an answer to this question the polarity of the second internode, i.e., B 2 Ai, 
was calculated from the data presented in table IY of the previous paper 
(17) and is presented in table YI of the present paper. It will be noted that 
the apical region of the second internode is positive to its base in all but one of 
the plants, although it was of small magnitude in plant number six. 


TABLE YI 

Average polarity of the second internode, calculated from data presented 
IN TABLE IV OF PREVIOUS PAPER (17) 


Plant 

i i 

I 2 | 

3 

1 4 

5 

I .6 

1 7 

HqAj 

mv. j 
\ 4- 22.1 

mv. 

\ +19.5 

mv. 

| -0.7 

mv. 

+ 21.9 

mv. 

+ 18.3 

mv. 

1 +1.7 

mv. 

| + 20.4 


Effect of applied current on the inhibition of the buds 

It is well known that the inhibitory influence can pass through a dead 
region in the plant (Snow, 21) . This was also found to be true in the plants 
used in this investigation. Therefore, since the potential differences are 
dependent on the living cells (17), the electrical current is not necessary for 
the transport of the inhibition, at least over short lengths of the plant. 
Nevertheless, the possibility remains that the bioelectric potentials may 
influence the transport of this inhibition in the living tissue. This is in a 
sense similar to the passage of the hormone in the oat coleoptile. The 
hormone can pass from the decapitated tip through agar to the body of the 
coleoptile. The hormone apparently passes. through the agar by diffusion 
but the transport of the hormone in the coleoptile itself is too rapid to be 
accounted for in terms of ordinary diffusion (Yan der Weij, 26). 

Current from an external source was applied to intact plants in various 
ways, in order to find out whether or not an applied current could release the 
inhibition of the buds. The results were negative as far as the release of 
the buds is concerned, and are briefly summarized in the following 
paragraphs. 
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The strength of the currents varied from 1 to 50 microamperes and were 
sent through the plant with contacts similar to the ones used for measuring 
the potential differences. They were washed at regular intervals to prevent 
the products of electrolysis from coming in contact with the plant. The 
currents were sent in the following directions: Ai to B 1? Bi to Ai, Ai to 
Pi, Pi to Ai, Pi to Pi', B 2 to Ai, and A x to B 2 . The buds never grew out 
unless the stem between the apex and the node was killed and had dried out, 
and then only after the buds had grown out in control plants decapitated at 
the same time the current was first applied to the intact plant. 2 If only a 
short portion of the stem was killed, the buds remained inhibited. Some- 
times the injury extended to the buds themselves and killed them (failure to 
regenerate after decapitation). Currents up to 5 microamperes produced 
little injury up to the time that the buds of the decapitated control plants 
started to grow out. 

Although the applied current did not release the inhibition of the buds, 
several other effects of interest were observed. Injury always occurred first 
at the locus at which the current entered, even when these loci through which 
the current was sent were continually washed. This observation is similar 
to that of Schechter (19) on the polarity of the lethal action of electric 
currents on Conocephalus. When current was sent from Pi to Pi', epinasty 
occurred in the petiole toward the positive pole, and hyponasty in the one 
toward the negative pole. This effect was most pronounced in young intact 
plants, definite effects being produced within 6 hours by a current of 50 
microamperes and within 20 hours by a current of 5 microamperes. It was 
also observed that when current was sent from petiole to petiole of the first 
node of young plants with a growing second internode, bending occurred in 
the second internode (a region through which presumably no current was 
passing). The internode would first bend with the convex side towards the 
positive contact, ie. } the apex itself would move toward the petiole on which 
the negative contact was placed. The bend would later become reversed, the 
convex side moving toward the negative contact, and eventually (while the 
current was still flowing) the stem would become straight again. With a 
current of 50 microamperes, the stem would show a definite bend within 10 
minutes after application of the current, and the whole process would last 
for about 2 hours. Currents of 5 microamperes would produce a definite 
bend within 30 minutes. 

2 Injury appears sooner at the loci where the current enters and leaves the plant than 
in the stem or petiole in between the contacts. Theref ore, except in preliminary experi- 
ments, current was not actually sent at these loci but at a region 4 centimeters from the 
node, i.e., 3 centimeters from the original contacts; and when the first signs of injury 
appeared the contacts were shifted slightly. 
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Discussion 

The experiments presented in this paper indicate that there is a positive 
correlation between the electrical polarities and the inhibition and regenera- 
tion of the buds. However, many more experiments need to be performed 
before anything approaching a complete picture of the patterns of bioelec- 
trical potentials in this plant can be presented. Nevertheless several definite 
relationships have been brought to light by these experiments. The fact that 
decapitating the plant produced an almost immediate effect on the node 
potentials which lasted for about an hour demonstrates that events happen- 
ing at one locus of the plant can definitely modify the electrical processes at 
a distant locus. The hypothesis presented itself that this particular varia- 
tion in the node potentials may in some way be a factor in the release of the 
inhibited buds. Aside from other considerations, it is evident from these 
experiments that this increase in the magnitude of the node potentials is not 
a necessary prerequisite for the regeneration of the buds of that particular 
node, since in many plants decapitated above the third node the buds of the 
first node regenerated as rapidly as those of the higher nodes, whereas the 
effect of decapitation of the node potentials was small at the second node 
below decapitation, and entirely absent in the third node below. Also, 
crushing the stem produced a response somewhat similar to, though of not as 
great magnitude, the response to decapitation; and the buds remained in- 
hibited for long periods afterward. From these considerations one can at 
least tentatively conclude that this immediate response of the node potentials 
to decapitation is not directly related to bud regeneration. 

The experiments on the later effects of decapitation indicate that there is 
a definite relationship between regeneration and the orientation and magni- 
tude of the potential differences. One of the interesting observations on the 
later effects of decapitation on the node potentials is that they diminish al- 
most to zero, or become inverted before visible elongation of the buds occurs. 

The results on the orientation of potential differences in this plant tend 
to confirm Went's hypothesis that the apices of this group of plants are nega- 
tive to their bases. 3 He has also postulated that the negative radical of the 
hormone is transported electrophoretically towards the positive pole. The 
fact that the orientation of the potential difference in the second internode 
is opposite to the main polarity of this plant indicates on first inspection that 
the hormone could not be transported in the manner postulated by Went in 
this internode. However, if one assumes that these potential differences 
existing in the plant give rise to currents and that a current flows downward, 
say in the region of the nodes, then there must obviously be a return current 
3 Ramshorn (16) has reported what amounts to an apical positivity for several 
plants. In this connection it may be pointed out that both Wilks (27) and Clark (4) , 
working on the oat coleoptile, have reported an apical negativity in this plant. 
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flowing in the opposite direction. The experiments on the internal distribu- 
tion of polarities suggest that the return circuit for current flowing upward 
in the region of the node is through the cells themselves. Obviously it be- 
comes difficult to decide, from potential difference measurements alone, in 
what direction the hormone could be transported by these currents unless the 
exact path through which the hormone is transported and through which the 
current flows is known. 

The observation that applied currents did not release the inhibition of 
the buds indicates that the bioelectric currents may not play a role in the 
longitudinal transport of this inhibition. In this connection it may be 
pointed out that Clark (4) has presented evidence to show that the longi- 
tudinal transport of the hormone in the Avena coleoptile is probably indepen- 
dent of the measured bioelectric potentials. However, Clark points out that 
there may be some subtle relationship between the bioelectric potentials and 
the transport of the hormone that escaped detection by his experimental 
methods. 

The writer feels that certain considerations must be kept in mind when 
interpreting the results of applied current on living organisms. If we 
assume that the potential differences give rise to currents, then, as has been 
pointed out above, there must be a return flow of current. It is obvious that 
it would be impossible to duplicate exactly a particular pattern of currents 
in a complex tissue by the application of a current from an external source. 
An E.M.F. from an external source when applied to the plant will tend to 
send current in the same direction throughout that portion of the plant to 
which it is applied. Therefore it is possible to duplicate at best only one 
direction of current flow while at the same time the applied current is of 
necessity opposing the return flow of the inherent current. Thus while the 
duplication of one portion of the electrical pattern may accomplish some 
result that that portion of the inherent current may itself accomplish in the 
normal plant, this applied current is also producing an abnormal physiolog- 
ical state in adjoining regions. It is therefore interesting that even currents 
of small magnitudes do produce visible injury when applied to the plant. 

The fact that certain morphological changes similar to those produced 
by the hormone are produced by the application of small currents, i.e., 
epinasty, hyponasty, and bending, indicates that the bioelectric currents may 
in some cases alter the distribution or effect of the hormone in this plant, 
or in some other way affect the growth processes. The work of Brunner 
and Amlong (3), Koch (7), Kamshorn (16), Wilks (27), and others indi- 
cates that there is some causative relationship between the bioelectric poten- 
tials and the growth process in the phenomena of phototropism and geo- 
tropism. However, not all of the results of these workers are consistent 
with the hypothesis that bioelectric potentials transport the hormone to the 
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measured positive pole. Clark (4) has demonstrated that the hormone 
is transported in agar blocks only under comparatively large potential 
gradients. 

Summary 

1. The internal electrical polarities in the region of the nodes were found 
to possess the same orientation as the external ones. 

2. Decapitation of a plant caused a large increase in the magnitude of 
the node potentials in the node directly below the point of decapitation, a 
small effect on the 2nd ft ode below, and no effect on the third node below. 
Cutting a portion from the stem of a decapitated plant produced a similar 
response, but of smaller magnitude. Crushing the stem of an intact plant 
also produced a somewhat similar response to decapitation, although of 
smaller magnitude. 

3. After decapitation, the node potentials returned to their former mag- 
nitude in about one hour and then steadily decreased until they were either 
inverted or of small magnitude. This decrease in the node potentials always 
preceded the first signs of regeneration of the buds. 

4. In decapitated plants with both buds growing, the potential difference 
between the base of the petiole on the side of the growing bud was found to 
be negative to the base of the petiole corresponding to the inhibited bud ; while 
in plants with both buds growing, the potential difference between the loci 
were found to be of small magnitude. Similarly, in decapitated plants the 
base of the growing bud was found to be negative to the base of the inhibited 
bud; and in plants with both buds growing, this potential difference was of 
relatively small magnitude. It was also found in decapitated plants that 
the top of the growing bud was negative to the top of the inhibited bud. 

5. In intact plants, the apex was found to be negative to the base. 

6. In intact plants, the apex of the second internode was found to be posi- 
tive to the base of this internode. 

7. Currents applied in various ways' across the nodes of intact plants 
failed to release the inhibition of the buds‘ except after a portion of the stem 
was killed and had dried out. Certain effects of the applied current not 
directly related to bud inhibition were observed. 

8. In the discussion it is concluded that the response of the node 
potentials to the immediate effect of decapitation is probably not a causative 
factor in the regeneration of the buds. It is pointed out that there is a 
definite correlation between the inhibited and regenerating buds and the 
bioelectric potentials. The interpretation of the experiments on the effect 
of applied current is discussed. 

University of Chicago 
Chicago, Illinois 
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UPWARD MOVEMENT OF INORGANIC SOLUTES AS AFFECTED 

BY A GIRDLE 1 


Harry F . Clements and Charles J. Engard 
(with nine figures) 

Introduction 

Much evidence has been obtained during the last few years relative to the 
question of the path of the upward movement of the greater portion of the 
inorganic solutes in plants. There appears to be little doubt that the xylem 
is the tissue chiefly concerned with this function. The purpose of this work, 
in addition to contributing more evidence to this conclusion, is to determine 
by use of a number of plants some of the effects which a girdle imposes upon 
the rise of inorganic solutes, and the relation of xylem anatomy to the ease 
with which solutes pass a girdle, a relationship first suggested by Clements 
( 2 ). 

Historical 

The historical development of this subject has been outlined in a previous 
paper (2). Briefly, during the last fifteen years Ctjrtis (4, 5, 6) has de- 
veloped the idea that the phloem tissue, and not the xylem, is chiefly con- 
cerned with the movement of inorganic ions upward. 

Clements (2), in 1930, presented data definitely showing that there is a 
great upward movement of inorganic solutes past a girdle. Further, he 
indicated the error in Curtis's experiments as well as in the latter's inter- 
pretative logic, pointing out that his failure to have proper controls rendered 
his experiments irrelevant to the conclusion that the phloem is the path of 
inorganic solute translocation, and that he unwittingly demonstrated that 
the girdle affects the rise of salts in part through its effects on the xylem. 
Clements showed further that while the quantity of salts which passed the 
girdle was very large there w r as a retarding effect caused by removing a strip 
of phloem and the consequent exposure of the current year's xylem. This 
retarding effect, at least in part, appears dependent in magnitude upon the 
distribution of tracheae in the seasonal development of xylem. 

More recently, Hoagland and Broyer (8) demonstrated rather clearly 
that the xylem is concerned with the rise of the bromide ion. The rate of 
movement in the xylem appears to be maintained even after a girdle is made 
until some little while later, when it suffers a progressive retardation. 

It is apparent from these investigations that since the salts travel with 
the transpiration stream in the xylem, they are subject to the same phe- 

1 Contribution no. 55 from the Botany Department of the State College of Wash- 
ington. 
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nomena experienced by the transpiration stream. The results of the experi- 
ments set forth in this paper verify that relationship. 

Methods 

Bight campus trees and shrubs, and two fruit trees, were used in these 
experiments. The trees and shrubs were poplar ( Populus tremuloides ) , 
willow (Salix sp,), dogwood ( Cornus stolonifera) growing in two different 
localities, mountain ash (Sorbus americana), Russian pea ( Caragana ar- 
bor escens), lilac ( Syringa vulgaris ), honeysuckle ( Lonicera sp.) ; and the 
fruit trees, apple ( Pyrus makes , variety unknown) and crabapple (P. mains ) . 
These latter trees were growing under unirrigated conditions. 

Two- or three-year-old stems were cut off about 1 cm. above a lateral bud 
and a ring of bark, including phloem and cambium, removed about 4 cm. 
below the bud or buds. The ring itself was about 0.5 cm. wide. The exposed 
xylem was protected as much as possible by grafter’s wax. Controls taken 
at the time of girdling (beginning controls) consisted of similar stems re- 
moved at a point corresponding with the position of the girdle on the girdled 
stem. Another set of controls (end controls) was left on the plants to be 
removed when the girdled stems were collected. 

The girdling was done and the beginning controls taken on April 18, 
1936, just as the buds were beginning to develop. The beginning controls, 
six to fifteen for each plant, were taken to the laboratory and prepared for 
analysis. The girdled stems and their end controls were collected when they 
had passed their maximum rate of growth. The number of stems or * ‘ cut- 
tings” was noted for each plant. 

In all cases, the samples were dried in an oven at 80° C. and then ground 
to 40-mesh fineness in a power mill after weighing to determine total dry 
weight. Total ash content was determined upon duplicate samples blasted 
to constant weight in a muffle furnace. The ash contents are reported as 
percentages of the dry weight and as milligrams per cutting. Total nitrogen 
was determined by the usual Kjeldahl method, with no modification for 
nitrates and nitrites, and reported as percentages of the dry weight and as 
milligrams per cutting. 

The anatomical work was done in the following manner : 1-cm. pieces of 
2- or 3-year-old stems of each plant were cut and put immediately into turtox. 
Later, hand sections were made, stained in safranin, dehydrated in alcohol, 
and mounted in balsam by the usual method. Projection drawings were 
made from these sections. 

Results 

A discussion of work of this kind cannot be complete without some men- 
tion of the ecology of the region in which the plants were grown. The region 
has a bunch-grass climax. Only 14.68 inches of rain fell during the year in 
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which these studies were made, although the average approximates 21 inches 
per year, most of which falls in winter and spring ; hence the normal growing 
season, especially June, July, and August, is dry. The atmosphere becomes 
extremely dry (as low as 5-10 per cent.) and the light intensity at this alti- 
tude often attains a magnitude of 12,000 foot candles ; hence the transpiration 
rate is excessive. The trees on the campus have been introduced, and will 
maintain growth only when water is supplied. The trees used in this experi- 
ment, growing in a region which will not naturally support even the larger 
shrubs, are often handicapped by the inability of the root systems to provide 
water rapidly enough to prevent wilting. The occasional lack of water, a 
consequence either of erratic sprinkling or excessive demand, is manifested 
in the xylem of many of the trees by the formation of false rings (see Populus, 
(fig. 8), and Pyrus (fig. 3). Plants growing under such adverse con- 
ditions maintain a precarious balance with the environment, and any 
further inhibiting factor introduced into such a plant will be amplified 
under these conditions. Speaking teleologically, a tree in this region has 
an intense struggle for existence and reacts very strongly to girdling. 

The girdled stems and controls of Lonicera were cut and brought into the 
laboratory on May 27, by which date they had made excellent growth. Both 
opposite lateral buds had developed on each stem, and the resulting growth 
attained a length of approximately 30 cm. The apple and crabapple stems 
were taken on June 28, when they apparently had made their maximum 
growth. Growth in both plants, as well as that of the girdled and ungirdled 
stems of each, was very good. On July 8, the remaining cuttings were col- 
lected. Of these, dogwood A 2 made the best growth, the girdled stems 
nearly equaling the ungirdled stems in appearance and size. The girdled 
stem of dogwood M made about half the growth of the ungirdled stems, 
and were visibly affected by the girdle. Poplar, willow, and lilac made 
only mediocre growth, and the girdled stems of Russian pea made very little 
growth. Only one girdled stem of mountain ash grew, and this but slightly. 
Of all the plants studied this one showed the severest reaction to the girdle. 
The analytical data are tabulated in tables I and II® 

Inspection of these data permits two fundamental conclusions: (1) the 
girdle does not stop the upward movement of inorganic salts, but, on the 
contrary permits the passing of large quantities of mineral salts in the 
xylem of the plant; and (2) treatment being the same in all plants, the 
response to the girdle seems to be characteristic of (a) the particular plant 
and (b) the particular site. 

2 Dogwood in two localities was used. These are designated “A” and “M” to 
indicate that from each locality. 

3 A “shoot” or “cutting” (tables I, II) is taken to be one girdled stem cut off 
at the girdle, or one control stem cut off at a point corresponding to the point of a girdle 
on the girdled stems. 
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TABLE I 
Total ash content 


Genus 

Number 

OF SHOOTS 

Dry weight 

PER SHOOT 

Total ash as 

PERCENTAGE OF 
DRY WEIGHT 

Ash per 

SHOOT 



mg. 

% 

mg. 

Salix 




1st control 

15 

633 

2.30 

14.56* 

Girdled 

10 

920 

5.34 

49.13 

2nd control 

6 

5160 

7.0S 

362.75 

Lonicera 





1st control 

10 

980 

5.03 

49.29 

Girdled 

8 

3375 

6.91 

233.21 

2nd control 

7 ! 

4957 

6.00 

297.42 

Populus 





1st control 

15 

831 

4.46 

36.26 

Girdled 

24 

1254 

5.15 

64.58 

2nd control 

10 

1900 

7.35 

139.65 

Syringa 





1st control 

15 

1026 

4.80 

49.25 

Girdled 

12 

4216 

2.66 

112.15 

2nd control 

12 

9435 

3.29 

| 310.41 

Pyrus (apple) 





1st control 

16 

2312 

4.66 

107.74 

Girdled 

11 

5636 

5.19 

292.50 

2nd control 

8 

4312 

6.08 

262.20 

Pyrus (crabapple) 





1st control 

22 

1341 

4.71 

63.16 

Girdled 

16 

4163 

5.01 

208.51 

2nd control 

12 

6916 

5.36 

370.69 

Cornus M 





1st control 

13 

679 

2.07 

14.06 

Girdled 

12 

2475 

4.40 

108.90 

2nd control 

6 

5833 

7.49 

436.89 

Cornus A 





1st control 

13 

1115 

2.09 

23.30 

Girdled 

12 

5708 

5.22 

297.90 

2nd control 

5 

9080 

6.77 

614.72 

Caragana 





1st control 

15 

1466 

2.52 

36.94 

Girdled 

12 

2141 

3.64 

77.93 

2nd control 

8 

2787 

5.40 

150.50 


* The amount of ash which passed the girdle in each case is the difference between 
the ash content of the girdled shoot and that of the first control, and, under equally ideal 
conditions for all species, seems to be correlated with the effect of the girdle on the xylem. 
The difference between the ash content of the girdled shoot and that of the end control 
is a measure of the effect of the girdle on the growth of the shoot, considering all factors 
influencing the rate of growth ; but under ideal conditions would stand in an inverse rela- 
tionship with the difference between the first control and the girdled shoot. 

Considering now the first of these conclusions, it is readily evident from 
table I, that in all cases, the mineral materials continue to move into the 
shoots after the girdles were made. The largest increment of ash between 
the beginning control and the girdled stem is in dogwood A, which also exhib- 
ited the best foliar growth. The ash content of the girdled stems is about 
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TABLE II 
Total nitrogen content 


Genus 

Number 
of shoots 

Dry weight 

PER SHOOT 

Total N as 

PERCENTAGE OF 
BRY WEIGHT 

Total N per 
shoot 



mg. 

% 

mg. 

Salix 





1st control 

15 

633 

0.854 

5.41* 

Girdled 

10 

920 

0.816 

7.51 

2nd control 

6 

5160 

1.080 

55.73 

Jjonicera 





1st control 

10 

980 

2.240 

21.95 

Girdled 

8 

3375 

2.176 

73.44 

2nd control 

7 

4957 

1.856 

92.00 

Populus 





1st control 

15 

831 

0.744 

6.18 

Girdled 

24 

1254 

0.552 

6.92 

2nd control 

10 

1900 

0.992 

18.85 

Syringa 





1st control 

15 

1026 

1.576 

16.17 

Girdled 

12 

4216 

0.928 

39.12 

2nd control 

12 

9435 

1.632 

153.98 

Pyrus (apple) 





1st control 

16 

2312 

0.888 

20.53 

Girdled 

11 

5636 

0.904 

50.95 

2nd control 

8 

4312 

1.194 

51.49 

Pyrus (crabapple) 





1st control 

22 

1341 

0.880 

11.80 

Girdled 

16 

4163 

1.248 

51.95 

2nd control 

12 

6916 

1.509 

104.36 

Cornus M 





1st control j 

13 

679 

7.228 

4.84 

Girdled 

12 

2475 

1.016 

25.15 

2nd control 

6 

5833 

1.301 

75.88 

Cornus A 





1st control i 

13 

1115 

1.024 

11.42 

Girdled 

12 

5708 

1.104 

63.02 

2nd control 

5 

9080 

1.827 

165.89 

Caragana 





1st control 

15 

1466 

2.376 | 

34.83 

Girdled 

12 

2141 

1.920 

41.11 

2nd control 

8 

2787 

2.517 

70.15 


* See footnote of table I. 


13 times that of the beginning controls. Its nearest competitor on this basis, 
and in apparent growth, is dogwood M, which showed an ash content equal 
to approximately 8 times its check. Lonicera accumulated mineral materials 
in its girdled stems equaling 4.5 times that of the check; crabapple about 3.5 
times the check ; and the girdled apple stems a little less than 3 times their 
checks. The girdled stems of willow, and lilac approximately trebled their 
ash contents. The Russian pea and the poplar, the girdled stems of which 
had twice the ash content of the checks, had the smallest increment of ash of 
all plants used. Sorbus failed to grow. Thus there is a transport of inor- 
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ganic salts past the girdle, and obviously in the xylem, in quantities ranging 
from 13 down to 2 times the salt content of the beginning controls. It should 
be remembered that this salt movement was taking place in plants growing 
under difficult ecological circumstances. 

Scrutiny of table II, which presents data on the total nitrogen content, 
reveals an increment gradient of the same pattern as that for the ash content. 
Here, as with the ash content, the two dogwoods yield the greatest increase 
in total nitrogen in mg. per cutting, the girdled stems of dogwood A showing 
a total nitrogen content of 5.8 times that of the beginning controls, and of 
dogwood M, 5 times the nitrogen content of the beginning controls. The 
girdled shoots of crabapple, Lonicera , and apple are next, with total nitrogen 
contents of 4.3, 3.5, and 2.5 times the content of the respective controls. 
Poplar and Russian pea are at the bottom of the list. The assumption here 
is, of course, that all nitrogen compounds present above the girdle were 
derived from nitrogen salts rising through the xylem, and synthesized in the 
leaf region above, a phenomenon known to be common among perennials 
(17) . In Populus and Garagana the increase above the girdle is so small that 
it indicates a situation such as Thomas (17) found, namely, that the inor- 
ganic nitrogen loses its identity in the roots and is changed to the organic, 
and as such may move through tissues other than xylem. This may, indeed, 
account for some of the poor growth made by some girdled shoots. It may 
be pointed out, however, that even the ungirdled end controls do not increase 
in nitrogen as much as they do in ash. Thus the total nitrogen per girdled 
shoot ranges from practically nothing in Populus to 5.8 times the nitrogen 
content of the beginning controls in Cornus . 

These increases in the ash and total nitrogen content of the girdled stems 
are definite demonstrations of the thesis that large quantities of inorganic 
solutes rise in stems after the continuity of the phloem has been broken, and 
therefore lead to the conclusion that the xylem is the chief path of transport. 
That this conclusion is correct has been further verified by Hoagland and 
Broyer 4 who showed that xylem tissue carries the bromide ion, and, what is 
perhaps more significant, that the removal of a ring of bark did not greatly, if 
at all, affect the upward movement of this ion in the cotton plant for several 
hours, or in young citrus trees for much longer periods. This means, then, 
that a girdle, per se, in so far as it breaks the continuity of the phloem, does 
not affect the upward movement of salts, but that other factors, induced as a 
consequence of the girdling process, somehow interfere with the upward 
movement of the dissolved salts in the xylem. The dissolved salts are iden- 
tified as being in the “ transpiration stream,” and would seem to be subject 
to the same forces. 

4 Private communication. The writers are also informed that some earlier work by 
Hr. F. C. Steward on movement of the bromide ion has been done, but the results have 
not yet been reported. 
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Turning now to the second conclusion derived from these studies, namely, 
that the effect of the girdle on the upward movement of salts appears to be 
characteristic of the species, one can arrive a priori at the conclusion that the 
distribution and size of tracheae and traeheids, and the cell wall thickness 
of water conducting tissues are important factors governing the ease, and 
therefore the rapidity with which the rising column of water with its dis- 
solved salts can negotiate the girdle. It was this thesis which determined 
the course of experimentation pursued in this work. 

A tracing of a projected cross-section of the xylem was made of each 
plant used in the investigation. These are shown in figures 1 to 9. They 
are correlated in table III with the data of tables I and II, and are found to 

TABLE III 

Correlation of xylem anatomy with the influence of a girdle 

ON THE RISE OF ASH MATERIALS 


Xylem type 

Genus 

Ash per shoot 

1st control 

Girdled 

Increase 



mg. 

mg. 

% ’ 

Diffused porous 





Shrub 

Cornus A 

23.30 

279.90 

1178.8 

Shrub 

Cornus M 

14.06 

108.90 

674.5 

Shrub 

Lokicera 

49.29 

233.21 

373.1 

Tree 

Salix 

14.56 

49.13 

237.4 

Tree 

Pyrus (erab-apple) 

63.16 

208.57 

230.2 

Tree 

Pyrus 

107.74 

292.50 

171.5 

Shrub 

Syringa 

49.25 

112.15 

127.9 

Ring porous 





Shrub 

Caragana 

36.94 

77.93 

110.97 

Tree 

Populus 

36.26 

64.58 

77.9 

Tree 

Sorbus 










correspond rather closely with the increment gradient of the ash and total 
nitrogen content. On the basis of the following observations, such a corre- 
lation might well be expected : 

(1) The new ring of xylem is the chief functional region as regards sap 
rise, since it leads directly to the new regions of growth and activity, 
although some sap may rise in the xylem of the previous year, depending 
upon the quantity of gas held within the central cylinder (10). 

(2) Because of an insufficient supply of elaborated foods from above, 
the production of new xylem below the girdle is considerably curtailed, 
while above the girdle the new xylem production is unimpaired because of 
an ample supply of carbohydrates moving downward from the leaves; in 
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fact, this growth above the girdle may even be stimulated under ideal con- 
ditions. 

(3) The rising transpiration stream in the old xylem makes connection 
with the new xylem above the girdle by a lateral movement from the older 
vessels to the vessels of the new wood, especially where the distal portion of 
the experimental branch has been removed. Further, the girdling process, 
no matter how carefully done, causes injury to the xylem. Even though the 
exposed xylem is protected by paraffin or grafting wax, there is some in- 
capacitation of it that is caused not by mechanical injury but by a plugging 
of the xylem elements with air drawn in by suction tension (10), or by a gen- 
eral disorganization caused by the isolation of the living cells of the xylem, 
which die as a result of girdling, as is evidenced by a discoloration of the 
exposed tissue. Also, the reduction in the cross-sectional, area of the water 
channel itself, or at least the prevention of its development at the place of 
the girdle, will be effective in reducing water movement. It must be remem- 
bered that, if a girdle is made in the spring, the xylem which is exposed is 
that which was sufficient to provide water for the previous season’s growth, 
but not for the greater foliage development of the present year. This fact 
must be taken into account whenever girdled and ungirdled stems are com- 
pared, because the actual conducting volumes in the two cases are unequal. 
To obtain a figure for the relative conducting volumes, girdled and ungirdled 
stems of Cornus were taken. The girdles were made July 15, at which time 
the plants were approaching their greatest size. Six weeks later, these shoots 
together with the ungirdled controls -were removed. The stems were cut (a 
fresh cut made under water to prevent air clogging) and water was sucked 
through 10-em. lengths to a suction flask. One of the 10-cm. lengths included 
the girdle, while the control was taken in juxtaposition to the girdled portion. 
An average of several 3-hour tests showed that the ungirdled stems had 
conducted 33.8 per cent, more water than the girdled stem. Since, unlike 
the field conditions, the force was distributed equally over the whole cross- 
sectional area, there was no lateral movement in the ungirdled stem; so the 
result is no more than the measure of the relative cross-sectional areas of the 
conducting tissue. In diffused porous woods in which the vessels lie next 
to the new xylem, there may be a lateral movement of the stream farther 
into the old wood because of the plugging of the columns next to the girdle. 
In a case of this kind there would be two lateral movements, one inward below 
the girdle and the other outward above the girdle. 

(4) The rapidity and ease with which a lateral transfer from xylem of 
a previous year to that of more recent development is effected is apparently 
dependent upon (1) the proximity of the tracheae of the old xylem to those 
of the new xylem; (2) the size of the tracheae; (3) the number of tracheae 
and other elements through which the laterally moving solutions must pass ; 
and (4) the thickness of the cell walls of all xylem cells. 
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A consideration of the mechanism of the lateral movement must be 
included before going farther. While the xylem rays may be instrumental 
in moving foods and salts from xylem to phloem and vice versa , it seems 
improbable that a mass movement of water would take place through them 
sufficient to supply the amount used by the transpiring leaves ; while such a 
movement is possible, at best it would be extremely slow. The possibility 
that cell wall pits are operative in such a lateral movement, a postulate of 
Strasburger (16), has been discredited by MacDougal, Overton, and 
Smith (10). The fact that in the majority of plants the pits are found 
sometimes exclusively on the radial rather than the tangential walls, while 
lateral movement still takes place, would seem to further verify this criticism. 
It should be emphasized that the lateral movement of water, in this paper, 
refers to the movement of water from older to newer xylem, not merely a 
movement tangentially about the stem. 

There remain, then, two possible means of lateral movement; a lateral 
movement through leaf or branch traces (10), and a lateral movement 
through the cellulose gels which constitute the cell walls. MacDougal, Over- 
ton, and Smith (TO) showed that no dye was moved laterally to outer xylem 
layers from inner xylem layers to which dye had been added through a bore- 
hole. They concluded that there is no lateral movement, and could not 
demonstrate that movement took place through the traces. As the method 
by which the stream is transferred from the older layers of xylem into the 
newer layers, they suggested that the central column of xylem has a conical 
terminal which “is surrounded by a thimble-shaped mass of wood whose 
upper half (longitudinal growth of the present season) is solid, and whose 
lower half (the portion formed laterally to the previous year’s wood) is 
hollow. It appears, therefore, that in the two-year-old twig, water entering 
the first year’s wood moves more or less vertically through it to the region 
where the second year’s wood caps that of the first year.” Thus, the 
“lateral” movement as postulated by MacDougal, Overton, and Smith (10) 
is actually a vertical movement caused by relayed suction forces of the tran- 
spiring leaves of the current year. The results of their dye experiments 
seem to be consonant with such a mechanism, but in this work the stems are 
cut off above the lateral bud, making all such vertical transfers impossible. 
How, then, can the developing bud receive the influx of salts except by a 
lateral movement of the rising transpiration stream directly across the xylem, 
either through the cell walls or the lamellae? There appears to be no 
alternative. 

In order to test this hypothesis some shoots of Cornus and Caragana were 
girdled on July 14. The tops of these shoots were not removed as in previous 
experiments. Six weeks later these shoots were removed at a point several 
inches below the girdle. These shoots were plunged into water, and a second 
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cut was made to prevent air plugging. They were placed in a solution of 
dye. After four days, they were removed and the course of the dye move- 
ment was determined. The dye had moved past the girdle in C omits , but, 
while at the girdle only those vessels at a distance from the outside were 
colored, immediately above the girdle the dye was found in xylem cells next 
to the cambium. Caragana, however, showed no passage of the dye above 
the girdle, even though it apparently was receiving water. Thus, a lateral 
movement in Cornus is demonstrated, which in a sense contradicts the con- 
clusion of MacDougal, Overton, and Smith. This further indicates that a 
girdle incapacitates the exposed xylem even though the latter is not struc- 
turally destroyed, since only those vessels at a distance from the exposed 
xylem cells conducted the dye. 

In an earlier publication, MacDougal (9) reports an experiment in 
which several small trees were girdled about September 1. A few days later 
a tree was cut, topped, and attached to a suction pump, with the base of the 
tree in fuchsin. The pump was operated at a vacuum of 74 cm. of mercury 
for 4 hours. At the end of the time 250 cc. of dye had been drawn through 
to a suction flask past the girdle. The dye had passed through in all layers 
of the xylem, with no variation of the conducting stream. Another of the 
girdled trees was cut a few weeks later and treated in the same manner. The 
time of pumping was from 3 p.m. one afternoon to 9 a.m. the next morning, 
and at the end of that time 200 cc. of dye had been drawn through at the 
normal rate of 8 cm. per hour. All layers of xylem were colored up to half 
the distance, and above that it was found only in the second and third layers 
of xylem, and “when the stem was bisected it was seen that the exposed wood 
formed during the current year had not conducted the dye, which had come 
up in this layer to the margin of the exposed zone, been blocked out of it 
across the girdle, and then diffused into 5 and followed it up many centimeters 
above, as has been noted. " 

In the system used in our experiments there is no equal tension on each 
xylem year because the stem is cut off. If the current development of xylem 
is inhibited below the girdle, the transpiration stream rising primarily in the 
previous year's xylem is drawn past the girdle laterally into the current 
xylem above the girdle by a “one sided" suction tension from the leaves. 
Obviously this situation is very different from that of the dye injection 
experiments of MacDougal, Overton, and Smith, and of MacDougal 's 
experiment. 

This lateral movement, seemingly a “soaking process," operates upon 
the cell wall which is regarded as a cellulose gel. From recent x-ray work 
by Sponsler (12, 13), Sponsler and Dore (14), Astbury, Marwick, and 
Bernal (1), and others much light has been thrown upon the structure of 

5 Italics ours. 
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the cell wall. Cellulose is regarded by these workers as a double anhydride 
of glucose of the empirical formula C 6 H 10 O 5 , four of which are bound 
together to form the unit. The dimensions of the unit are 8.35 A, 10.34 A 
and 7.0 A. The micelle of cellulose consists of elongated groups of 40 to 60 
long chains, each being 50 to 80 hexan units in length, the anhydrides being 
held together by strong primary valence forces. Wood, however, is more 
than just cellulose. The primary or fundamental cell-membrane or fiber is 
cellulose, which is converted into wood by lignification or an “inerusting” 
of the cellulose with “lignin,” a collective term referring to a group of 
heterogeneous organic substances. 

These substances of carbohydrate derivation exist in wet conditions as 
gels, whose swollen volume is determined by the amount of water contained. 
The micelles of cellulose evidently are much closer when a fiber is dried than 
when it is swollen, according to Frey (7). Crafts (3) has presented a dia- 
gram showing cell walls much swollen in the natural condition and shrunken 
when partly dried or fixed for histological purposes. Further, cellulose 
swells more in solutions of electrolytes than in pure water, the reason being 
that “one ion is absorbed more than another. This separation of electric 
charges results in the stronger binding of the electric dipole of water ; it also 
charges all of the cellulose micelles in the same sense, thus causing them to 
repel one another. This repulsion separates the micellar structure and 
allows water to enter, as it were, passively into the increased interstices” 
(11). The transpiration stream is, among other things, a weak solution of 
electrolytes. The fact that swelling takes place indicates that water is taken 
into the structure ; and when a considerable “suction” force is applied at one 
side of the gel, it seems reasonable that water can be drawn through the 
avenues which are present as micellar interstices. 

The thicker the cell wall, the more difficult will be the passage of solution 
through it, since a greater total-resistance will be encountered. If the lateral 
movement takes place across a great many small, thick- walled tracheids, the 
movement would be much slower than across a few thin- walled tracheids. 
But even where this lateral movement is comparatively easy, it is more diffi- 
cult than a vertical movement through the lumina of the vessels. 

There are two general types of xylem as regards tracheal distribution: 
the “ring-porous” type, in which the tracheae are concentrated in the spring 
growth of xylem, forming a more-or-less definite ring; and the “diffuse- 
porous” type, in which the tracheae are scattered evenly throughout the 
whole annual ring. There are, of course, all degrees of intergradation 
between ring-porosity and diffuse-porosity, a “semi-diffuse” porous xylem 
representing a median where large and closely packed vessels are concen- 
trated in the spring wood, with vessels becoming increasingly smaller and 
less frequent throughout the summer wood, with few or none in the late 
summer wood at the end of the year’s growth. 
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The xylem of the plants used in this experiment represent a rather com- 
plete series of the above types, and, further, in one of them, Sorbus, the 
production of tracheae has been reduced to only scattered groups of six or 
eight cells per group, those generally in the spring and early summer wood. 
For convenience in correlating the xylem anatomy of these plants with their 
corresponding ash data the following grouping of the plants is used and the 
correlation is made with the analytical data in table III. 

In this table, two groups are made : the plants with diffuse-porous xylem, 
represented by dogwood, apple, honeysuckle and willow; those with ring- 
porous xylem, represented by poplar, lilac, and Russian pea; and the moun- 
tain ash with its paucity of vessels but so arranged that it does not fit into 
either of the first two groups. On the basis of the ability of the xylem to 
carry the solutes when girdled, these plants arrange themselves in order of 
decreasing amounts as follows: dogwood A, dogwood M, honeysuckle, 
willow, crabapple, apple, lilac, Russian pea, poplar, and mountain ash. Fig- 
ures 1 to 9 reveal that, on the basis of xylem structure with reference to 
tracheal number and distribution, the order from greatly diffused porous 
xylem to ring porosity is as follows: crabapple, dogwood A, dogwood 
M, apple, honeysuckle, willow, lilac, Russian pea, poplar, and mountain ash. 
Were it not for the fact that the two apple trees are out of line, the series 
would be exactly parallel. The behavior of the apple trees, however, is 
explainable when it is remembered that they were not watered, but were 
growing under difficult ecological conditions. This emphasizes the fact that 
whatever influences the transpiration stream also influences the movement 
of soil solutes, although not necessarily in proportion. 

There is no sharp line of demarkation between diffuse-porous and semi- 
diffuse-porous, but for the sake of the grouping, crabapple, apple, dogwood, 
and Lonicera have been placed in the diffuse-porous group. If one inspects 
figures 1 to 4 6 one will have no doubt that crabapple and Cornus are diffuse- 
porous. In these two plants the vessels are numerous, large, and evenly 
dispersed. There are 6 or less tracheids separating the vessels of one annual 
ring from another in both of these plants. In crabapple, however, the vessels 
are much more numerous, and the tracheids separating them are fewer than 
in Cornus ; for this reason crabapple has been placed first in the order, and 
Cornus second. In the apple, the vessels are less numerous than in crab- 
apple, and much smaller than in crabapple and Cornus. Here, also, there 
is just a suggestion of departure from the strictly diffused porous type, 
manifested by a slightly greater concentration of tracheae in the spring 
wood. The vessels of the spring wood are also slightly larger than those of 
later summer. The tracheae of Lonicera (fig. 4) are scattered throughout 

e The writers are indebted to Dorothy ENbARD for her assistance in making the xylem 
drawings. 
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Projection drawings of secondary xylem 
Pig. 4. Honeysuckle (Lonicera sp.) . 
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the ring, but there is a definite suggestion of ring porosity. The vessels of 
the spring wood are larger than those of the summer wood. 

Salix and Syringa are representatives of the transition group — the semi- 
diffuse-porous group. The vessels of Salix (fig. 5) are more numerous 
and more evenly distributed than those of lilac, and very much larger. The 
spring wood of willow contains a great number of extremely large vessels 
which give it a marked degree of ring porosity. Lilac (fig. 6) is consid- 
ered semi-diffuse-porous because of its scattered, small vessels in the summer 
wood. The late summer vessels are very small, and only a few are closer 
than 8 or 10 tracheids to the vessels of the new year ring. The tracheids are 
very thick-walled. 

Caragana (fig. 7) and Populus (fig. 8) are definitely ring-porous, the 
majority of vessels being concentrated in the spring wood, with only a few 
in the summer wood. The total tracheal area of Caragana , however, far 
surpasses that of Populus , and there are some groups of vessels which 
actually border on the new annual ring; for these reasons Caragana has been 
placed ahead of Populus in the chosen order. Also, Caragana is a shrub 
which produces a large, fast-growing annual ring, whereas Populus is a tree 
which produces smaller annual rings. 

Mountain ash (Sorbus, fig. 9), for which there are no analytical data, is 
placed last in this grouping. There is in the xylem of this plant no special 
region of tracheal concentration; but, instead, the tracheae appear in a 
limited number in small groups, which are located in the spring and summer 
wood. The tree is a rapidly growing one, producing a large annual ring 
(note fig. 9) which, however, is made up almost entirely of small, very thick- 
walled tracheids. The resistance offered to a laterally moving stream would 
be extremely great, and this fact, coupled with the adverse conditions under 
which these plants grow, permits of little or no accumulation of salts above 
the girdle ; in fact, in all but one of the girdled stems, death by desiccation 
resulted in the portion above the girdle. 

A further consideration of the data of tables I and II will reveal conse- 
quences of an excessive transpiration rate. The effects of high transpiration 
and lack of water working together can be noticed in the data by the general 
tendency of the end controls to have higher ash and total nitrogen percen- 
tages than the girdled stems. This is especially true of those plants which 
remained growing until July 8, which indicates that, as the summer and 
increasing drying continued, the girdle as it affects the xylem became the 
limiting factor in transport of solutes up the stem. These data, then, show 
two important facts: (1) that the total amount of solute passing the girdle 
has the xylem anatomy as the limiting factor ; and (2) that the great tran- 
spiration rate working in conjunction with an insufficient water supply, 
forces the girdle to become even more the limiting factor in the transport 
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of water with its solutes. These facts can be demonstrated in the first case 
by comparing the beginning controls with the girdle, and in the second case, 
by comparing the girdled stems with the end controls. It is in this second 
case that drought and transpiration become the forces at play on the system. 

As though paradoxical to the previous data, the end controls of the dif- 
fused porous plants with thin-walled tracheids and vessels (with the excep- 
tion of Lonicera ) showed the greatest increase of ash and total nitrogen over 
the girdled stems when compared with the semi-diffused and ring-porous 
plants. The series is reversed, with the end control of Populus showing the 
least increase in ash and total nitrogen over the girdled stem. However, 
just the proximity of the thin-walled vessels to the exposed area increases 
the likelihood of their being dried out, plugged, or disrupted by the intake 
of gas into the region about the girdle, thus incapacitating a considerable 
percentage of the area of the ascending water columns. In such ring-porous 
woods as Populus and Caragana by far the greater portion of the conducting 
area lies deep in the annual ring ; and any plugging of the tracheids in the 
girdle region will result in very little decrease in the extent of transnational 
facilities of the plant. The thickness of the exposed cell walls will undoubt- 
edly be a factor determining the extent of drying or of the intake of air into 
the xylem elements. Thus one would expect a greater percentage of reduc- 
tion of upward movement in those plants whose xylem would normally facili- 
tate upward movement of solutes, and a lesser percentage of reduction in 
the movement of solutes in the ring-porous woods. 

There is, as was pointed out above, a direct correlation between the effect 
of the girdle and the conditions under which the plant is growing, a fact 
which can be illustrated by a comparison of Lonicera and Gornus. These 
possess very diffuse-porous wood with vessels in large numbers bordering on 
the cambium or on the spring wood of annual rings, and yet the results were 
quite different. Their respective ash contents are as follows : 


Girdled End control Difference 

Gornus 108.9 mg. 436.9 mg. 328.0 mg. 

Lonicera 233.2 mg. 297.4 mg. 64.3 mg. 


The difference may be accounted for by the difference in conditions of 
growth of the plants. It will be remembered that the stems of Lonicera were 
harvested on May 27, less than 6 weeks after girdling, whereas the stems of 
Gornus were left on the plant until July 8. It has been stated that most of 
the rainfall of the region comes in the winter and spring. The month of 
May is usually the last to receive much rain, and the air is humid, the soil 
saturated as a result of winter snows and early rains. Conditions for growth 
in April and May undoubtedly parallel those of a normal mesophytic tree- 
bearing region, so it is to be expected that results obtained in this period for 
Lonicera are more likely to approach the results which would be obtained 
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under normal tree-growing conditions. The effect of the girdle would, under 
the latter conditions, be much less pronounced than that observed for the 
July collection presented here. It was noticed in July that the leaves of the 
Lonicera from which the material had been collected in May were drying 
out and curling, a consequence of desiccation. The differences between the 
end controls and the girdled shoots, therefore, appear to be larger than would 
be the case under more humid conditions. 

The data indicate that dogwood A and dogwood M, although of 
the same species, reacted differently to the girdle. Their places of growth 
are quite different, however, dogwood A being on the campus, and exposed 
to sunlight intensity characteristic of the region; while dogwood U M ?J grows 
against the east wall of a campus building, and is exposed part of the day 
to the sun, the intensity of which becomes much greater than is normal by 
reflection from the wall. The intense heat increases the transpiration rate 
to a much greater degree than in the case of dogwood A, and because of 
this increased transpiration the deleterious effect of the girdle is greater. 

It seems, therefore, that the differences between the end control and the 
girdled shoot may be considered to measure the effect of the girdle on the 
specific limiting factor which retards the growth of the particular plant. In 
some cases ( Cornus , etc.) this seems to be high temperature; in some, water, 
( Pyrus ) ; in some lack of nitrogen in the shoots (Populus, etc.) . It is reason- 
able to suppose that, were all conditions ideal for each individual species, 
the difference between the girdled shoots and the end control would be con- 
siderably reduced ( Lonicera ) ; but only in the unusual case (Pyrus) would 
the girdled shoot exceed the ungirdled one in growth. 

% 


Summary 


1. Data for girdling experiments are given for poplar (Populus tremu- 
loides ), willow ( Salix sp.), dogwood (Cornus stolonifera) growing in two 
different localities, mountain ash (Sorbus americana ), Russian pea ( Cara - 
gana arborescens) , lilac (Syringa vulgaris ), honeysuckle (Lonicera sp.) ; 
and the fruit trees, apple (Pyrus malus , variety unknown) and crabapple 
(P. malus ) . 

2. Shoots from each of these plants were selected in groups of three, one 
of these girdled, one removed at the time of girdling, and the third removed 
at the time the girdled shoot was removed. The difference in ash and nitro- 
gen contents between the first and second shoots indicates the amount of each 
of these materials which passed the girdle ; and the difference between the 
first and third shoots indicates the effect which the girdle, through its 
influence on the sum total of growth factors, imposes on the upward move- 
ment of the transpiration stream and its salts. 

3. The data so obtained show, first, that a considerable amount of both 
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ash and nitrogen passed the girdle, thus further establishing the generaliza- 
tion that the upward movement of inorganic solutes takes place chiefly in the 
xylem; second, that the influence of the girdle is somewhat characteristic 
of the species and of the environment in which the plant is growing. 

4. The effects of the girdle on the development of the parts above it seem 
to be as follows : (1) The removal of a ring of bark prevents the development 
of new xylem at that point, which, as growth above continues, becomes a con- 
striction in the cross-sectional area of the conducting channel. (2) No mat- 
ter how carefully a ring of bark may be removed even though no mechanical 
injury has been inflicted, and even though the wound is carefully covered, 
the xylem is affected in two ways : first, its living cells die as a result of their 
isolation from the living cells of the phloem; and second, as a consequence 
of this and of the actual exposure of the xylem, the outer layers of conducting 
cells lose their capacity to conduct water, and thus further limit the capacity 
of the xylem to conduct water with its dissolved salts. (3) The imposed 
girdle, as a result of the effects mentioned, makes necessary a transfer of 
water from one annual ring to another. The number, size, and distribution 
of the tracheae in the annual ring of wood seems to determine the rate with 
which the water with its dissolved salts can thus be transferred. A good 
correlation was found between tracheal distribution within the xylem of the 
plants studied and the amounts of minerals which passed the girdles. 

5. It appears therefore that the girdle, as a break in the continuity of 
the phloem, does not affect the upward movement of salts ; but rather that the 
girdle, as it affects the movement of water, influences the upward movement 
of salts in the xylem. 
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SOME ABSORPTION SPECTRA OF LEAF EXTRACTS 1 


G. . M ac ki n.jst e y 
(with four figures) 

Introduction 

This study was originated in an attempt to account for the visible differ- 
ence in appearance of toluenized leaves dried in air and in hydrogen. It 
was extended to include several other methods of leaf -killing, to determine 
the significance of changes noted in the absorption spectra of the leaf extracts. 
Marked differences, dependent upon the method of preparation of extracts, 
have been noted by Strain (5) for certain of the xanthophyll components, 
and it was thought that equally striking changes in the chlorophyll compo- 
nents might be found. Because many of these differences can be ascertained 
only by the use of an adsorbent, adsorption studies have been made to sup- 
plement the spectroscopic data. 

Few methods of adsorption — none, so far, to the writer’s knowledge, for 
plant pigments — are adequate for detecting quantitatively the differences in 
the ratios of the various components for a leaf under study. In spite of this 
drawback, the adsorbent furnishes a useful check on changes which may take 
place in the pigment complex, and in many instances prevents differences in 
the spectroscopic data from being ascribed to wholly erroneous causes. 

Inulin has been found in this laboratory to be an extremely useful adsor- 
bent for separating the a and b components of chlorophyll from crude leaf 
extracts in petroleum ether. It has two apparent advantages over sucrose, 
its markedly lower hygroscopicity and the fact that purification of the leaf 
extracts is unnecessary. 

Analysis of absorption spectra data 

Part I of this paper deals with an analysis of the absorption spectra curves 
of eighty-four extracts from ten different sources. The curves were exam- 
ined as to constancy of shape, and where significant discrepancies appeared, 
explanations were sought, either on the basis of fluctuations in the ratios of 
chlorophyll a to chlorophyll 6, or on the assumption that degradation prod- 
ucts were present. Part II contains supplementary evidence by the Tswett 
adsorption technique with inulin as an adsorbent, for seven of these sources. 

Part I 

Detailed studies were made of the absorption spectra of crude leaf ex- 
tracts, in 80 per cent, aqueous acetone, for the region 6800 to 6000 A, where c 

i Conducted under the auspices and in the laboratory of the Division of Plant Biology, 
Carnegie Institution of Washington. 
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carotenoid absorption does not obscure the curves for the chlorophyll com- 
ponents. The transmissions were measured on the spectrophotoelectric 
apparatus constructed by Smith (4), and the double logarithm of the 
reciprocal of the transmission was plotted as a function of the wave length. 
In this way, significant differences were readily noted by comparing the 
shapes of the curves. 

The following leaves were studied: clover ( Trifolium repens L.), sun- 
flower ( Helianthus annuus L.), begonia ( Begonia semperflorens Link & 
Otto), sorrel ( Rumex acetosella L.), barley ( Hordeum vulgar e L.), ivy 
(. Hedera helix L.), tobacco ( Nicotiana tabacum L.), eucalyptus ( Eucalyp- 
tus globulus Labill.), Virginia creeper ( Parlhenocissus quinquefolia 
Planch.). Through the courtesy of Professor C. B. Lipman, the writer is 
enabled to include observations on a blue-green alga of peculiar interest. 

The sap of the photosynthetic tissue of sunflower is sometimes alkaline, 
that of barley mildly acid, while begonia, sorrel, and Virginia creeper are 
rather strongly so. Tobacco has a high starch content, and drying is dif- 
ficult. In this study, leaves with visible anthocyanin were excluded, as 
these pigments would introduce an additional variable in an already com- 
plex situation. Otherwise, it may be suggested that the material selected 
represents a fairly wide range of leaf types. 

Five general methods of leaf -killing were employed: 

1. Drying : a. at room temperature in vacuo. 

b. at 45 to 50° C. in air. 

2. Direct solvent extraction ( with jacetope) . 

3. Freezing at - 80° C. 

4. Dipping in boiling water. 

5. Anaesthetics: a. toluene in air. 

b. toluene in hydrogen. 

c. chloroform in air. 

In all cases, the leaf material (2- to 5-gm. samples, fresh weight) was 
triturated in a glass mortar, sometimes with the aid of ground glass (40 
to 80 mesh), which apparently had no deleterious effect, and was then com- 
pletely extracted with 80 per cent, acetone. The extracts were filtered and 
made to volume (50 or 100 cc.) from which 2- or 4-cc. aliquots were drawn 
and diluted, again in a volumetric flask, to 25 cc. 

Such solutions gave concentrations suitable for accurate measurement 
of the two main maxima (at approximately 6630 and 6180 A) and the 
minimum between these two. Only occasionally were readings made outside 
of this range. A few other absorption curves will be discussed to explain 
the changes noted, which fall into four types, all of which are reflected in 
differences in the absorption curves of the various extracts. 

The changes observed are illustrated in figures 1 to 4, the first three of 
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which deal with decomposition products of chlorophyll, in the solution, and 
the curves in each figure were selected to show progressive stages in the 
development of these products. For convenience only skeletal curves, con- 
taining the log E values for wave lengths of major changes, are presented, 
and the points are connected by straight lines. All curves in this section 
are considered in relation to the main maximum, for present purposes to be 
taken at 6650 A, though it is recognized that absolute values will necessarily 
differ, especially where there has been partial decomposition. The changes 
observed are as follows : 1. Pheophytin formation. In figure 1 will be found 
the effect of increasing transformation of chlorophyll to pheophytin on the 
shape of the curve. It is seen that absorption is greatly diminished from 
6400 to 6100 A. The second maximum is shifted from 6180 A to 6070 A, 
and a prominent band appears in the green at 5350 A. Incipient pheophy- 
tin formation is well illustrated in figure 1, curve 2, for sorrel (solvent extrac- 



Fig. 1. Stages in pheophytin development. 1, sorrel dried in vacuo ; 2, sorrel, sol- 
vent extraction,* 3, sorrel, dipped in boiling water; 4, begonia and oxalic acid. 
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tion). Pheophytin is much less strongly adsorbed than the chlorophylls, 
and in fact also less strongly than some of the xanthophyll carotenoids, on 
inulin, on which it appears as a dark brown zone which, on elution, is olive 
brown in color. 

2. Hydrolytic changes. Spectroscopically this is shown by a marked 
decrease in absorption at 6400 A (again relative to the maximum). When 
leaf extracts are partitioned between petroleum ether and 80 per cent, 
aqueous acetone, the extent of hydrolysis may be gauged by the proportion 
of green pigment remaining in the aqueous phase. The effect on the absorp- 
tion is illustrated in figure 2. 



Wave length in A. 

Fig. 2. Stages in hydrolysis. 1, sunflower, dipped in water, 100° C.; 2, sunflower, 
freezing; 3, sunflower, solvent immersion. 

3. Oxidation. An oxidized component is detected in most eases by a 
decrease in the difference between the two red maxima. The solution has 
lost its specificity of absorption to some extent. A third component is also 
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detected on a Tswett adsorption column. Some confusion may exist at 
this point, because the position of the oxidized product is not invariably the 
same, though for a given leaf killed by a given method the result is repro- 
ducible. This is reasonably explained on the ground that the oxidized por- 
tion has decomposed to varying degrees. Most frequently this portion is 
associated with the green component, and is held firmly on the column while 
the latter can be eluted with dichloroethane. It may be pointed out at this 
juncture that the absorption maxima for these allegedly oxidized compo- 
nents are intermediate between those of chlorophylls a and b, and that they 
can be eliminated or held to a fraction of one per cent, of the total pigment 
by selection of a suitable extraction method. Differences in the curves are 
shown in figure 3. 



Wave length in A. 

Fig. 3. Effect of oxidation. 1, clover, toluene in oxygen; 2, clover, toluene in air; 
3, barley, solvent extraction; 4, barley, toluene in air. 

4. Fluctuations in the ratio of chlorophylls a and b. The effect of modi- 
fication of these ratios on the shape of the curves is shown in figure 4. 
Chlorophyll b has a maximum absorption near the point where chlorophyll 
a shows a minimum, at approximately 6400 A. Increase in the proportion 
of component b therefore translates the minimum for a substantially toward 
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Wave length in A. 

Fig. 4. Variation in ratio of chlorophylls A: B. 1, blue-green algae ; 2, begonia; 
3, Virginia creeper. 

the blue, in the majority of eases from close to 6400 to 6300 A. The skew- 
ness of the main hand (chlorophyll a, maximum at 6630 A) is thereby 
materially increased. The ratio differs substantially for different sources, 
but, as was found in the compilation of table I, appeared to be so constant 
for leaves of different ages, collected at different times of the day, that 
divergences were within the limits reported for the deviations of the mean. 

In some eases pheophytin formation and oxidation may occur together, 
in which case both adsorption and spectroscopic results must be examined. 
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Changes of the first three types involve degradation or decomposition 
of chlorophyll. They may be induced by modifications in the methods em- 
ployed to kill the leaves. In no case have we found evidence connecting 
fluctuations in the ratio of the a and b components with the methods 
employed. 

A consideration of figures 1 to 4 indicates the wave lengths to be scru- 
tinized for variations] f The eighty-four curves, representing that number 
of individual plant extracts, have been analyzed by consideration of the 
constancy of the following differences: 

1. log Eeoso-log E 64 oo 

2. log EeG50"~log EgSoo 

3. log Eg 650 *” log E 6150 

Here E represents logio 1/Tx constant 
i : whence log E =log log 1/T + constant. 

To assess variability within the leaves selected, we summarize in table I 
the data for apparently unchanged extracts, regardless of method of prepa- 
ration. 

The spectral region most sensitive to change in b content is at 6400 A, 
near which a shows a minimum and b a maximum. The plants are listed in 
table I in order of decreasing b content relative to a as determined by the 
values in column 1. The a component has a minimum near 6400 A, the 
leaf mixture at 6300 A. A trend in the differences between log EoGso-log 
E 6 4 oo should therefore be followed by a similar trend in log Eo C 5 o-log 
Ee 3 oo ? though on a smaller scale because of the lessened effect of b absorption 
at 6300 A relative to its absolute value at 6400 A. This is very satisfactorily 
demonstrated in column 2 of table I. The last column of table I is sub- 
stantially, though not entirely, a measure of the difference in the two absorp- 
tion maxima in the red, of the a component. It should therefore be nearly 
constant. The maximum, in 80 per cent, acetone, is near 6180 A (±5 A). 
Had the values for 6200 A been chosen, results would have been more satis- 
factory. It was the writer’s practice to re-determine the values for 6650, 
6400, and 6150 A after completing a run, and the values for 6150 A therefore 
have a slightly enhanced accuracy, over those for 6200 A. 

The wave length 6150 A was originally selected because the maximum 
appeared to be at this point in some of the earlier samples, before the writer 
was aware that this could be attributed to traces of pheophytin. The exact 
maxima were not selected at first for two reasons. (1) We had no assurance 
that slight shifts in the maxima were not caused by our methods of prepa- 
ration; and (2) for routine examination it was inconvenient to set the wave 
length drum of the predispersing spectrometer at an unmarked value. Slight 
variations in this setting caused considerable variation in the amount of 
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light received by the monochromator, which consequently was reflected in 
smaller galvanometer deflections. 

The Virginia creeper, ivy, and eucalyptus samples were studied mainly 
for differences in young and old leaves, with respect to the a: b ratio. Some 
sunflower samples were also utilized for this purpose. The Virginia creeper 
leaves were less than 4 cm. and greater than 12 cm. in length, petioles being 
discarded. Corresponding values for ivy were less than 5 cm. and greater 
than 8 cm., representing a year’s difference in age. Giant leaves (38x38 
cm.) of sunflower, about 5 months old, were compared with young leaves 14 
cm. long by 8.5 cm. at the widest point, approximately 3 weeks old. 

The time of day for collection of samples varied from 9 a.m. to 4 : 30 p.m. 
Eucalyptus leaves were of the broad, sessile, so-called “juvenile” type, both 

TABLE I 

Analysis or curves tor all methods where no chlorophyll degradation products 

WERE DETECTED 


Leap 


Eucalyptus _ 

Sorrel 

Ivy 

Begonia 

Glover 

Barley 

Sunflower 

Tobacco 

Blue-green alga 



NO. OP DE- 
TERMINA- 
TIONS 

( 1 ) 6630-6400 


3r 

£ 

0.474 

QMS 


4 

0.494 

0.642 


3 

0.508 

0.654 


2 

0.515 

0.659 


2 

0.531 

0.659 


15 

0.532 ± 0.004 

0.657 ± .006 


5 

0.538 

0.660 


16 

0.558 ± 0.003 

0.667 + .004 


5 

0.561 

0.673 

'V 

1 

0.709 

0.686 


( 8 ) 

0.600 

0.607 

0.609 

0.620 

0.6X5 

0.617 ± 0.006 
0.615 

0.620 ± 0.002 

0.624 

0.615 


* These numbers mean log E 6650 - log E 6300, etc. See also tables II, III, and~V. 
small and large, and also of the long narrow petiolate “adult” type both 

and ° ld <*^ *“*>- Where the method of exaction 
’ ! 1CeS W6re SmalL The mean deviations of the mean are re- 
ported for sunflower and clover, because of the larger number of samples 
The deviations for the other samples are of the same order of magnitude in 
no ease as high as ± 0.01 logarithm unit, which would be 2 per cent. 

Having ascertained the shapes of curves of unchanged extracts we can 
now examme the effects of methods unsuitable for a particular leaf 

koben (3) an an extensive study of the effect of heat and cold on 

with! : f T ati ° n n ° ted that phe °P h Win is readily formed in leaves 
with acid sap when dipped into boiling water. 

An instantaneous dipping of clover, tobacco, and sunflower has no per- 
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ceptible effect. This is not true for barley, begonia, and sorrel. The effect 
is very slight with barley, but sorrel turns brown immediately, and shows, 
in its spectrum, and on the inulin column a high proportion of pheophytin. 

The effect of hot water, if prolonged, apparently is to bring about this 
change even in leaves whose sap is normally near neutrality. In table 
II will be found examples of partial transformation of chlorophyll to 
pheophytin. This is also illustrated in figure 1, where the effect of adding 
oxalic acid to a begonia extract may be compared with dipping sorrel into 
boiling water, a clear example of identity of the changes. 

TABLE II 

Effect of pheophytin’ formation on absorption 


Leaf 

Method 

(l)eO!>0*-64OO 

(2) 6650-0300 

(3) 0050-6150 

Clover 

Dip in 

boiling water 

0.531 

0.646 

0.605 


5 minutes in 
boiling water 

0.542 

0,679 

0.622* 

Sunflower 

Dip in 

boiling water 

0.563 

0.663 

0.621 


5 minutes in 
boiling water 

0.577 

0.683 

0.635* 

Barley 

Dip in 

boiling water 

0.550 

0.681 

0.634* 

Sorrel 

Dipin 

boiling water 

0.575 

0.800 

0.684 1 

Begonia 

+ oxalic acid 

0.673 

0.842 

0.673 


* Incipient pheophytin formation. Band at 5350 A is definitely perceptible, 
t Sorrel and begonia have different a/b ratios, hence only general trends in the two 
cases are to be noted. 


The values noted in table II should be compared with corresponding 
values for “normal” extracts in table I. 

Solvent extraction is in nearly all cases satisfactory, if rapidly performed. 
If the plant is extremely acid, drying in vacuo is sometimes preferable. 
With sunflower leaves, in two instances, where samples were collected, 
plunged into acetone, and kept in the dark for an hour prior to extraction, 
hydrolysis occurred. The sap of the photosynthetic tissue was sufficiently 
alkaline to cause saponification. This is apparently exceptional, and can be 
obviated by immediate extraction. It would appear, from the work of Fife 
and Frampton (1), to cite but one example, that the C0 2 in the leaf has 
a marked effect on the pH, and its removal would cause the sap to revert 
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to a more nearly neutral condition less harmful to the chlorophyll. Hydro- 
lytic changes have been noted in figure 2. 

Drying in vacuo , , at room temperature, or in air at 45-56° C. yields good 
results, if the leaf does not have a waxy cuticle or is covered with minute 
hairs, or has a high content of reserve carbohydrates. Tobacco leaves, 
whether dried in vacuo or at elevated temperatures, gave evidence of oxi- 
dized components differing from those of other leaves chiefly in the lower 
position they occupied on the inulin adsorption column, relative to com- 
ponents a and 5. . .. . * 

Leaves toluenized and subsequently dried in an atmosphere of hydrogen 
gave satisfactory extracts, but only sunflower leaves could be toluenized in 
air without the occurrence of oxidation and, in many cases, also pheophytin 
formation. 

Some results with toluene and chloroform are given in table III. The 
chloroform was washed, dried with anhydrous potassium carbonate, and 
used within 5 minutes of re-distillation. Changes are apparently similar 
to those with toluene. 

TABLE III 

Effect of oxidative changes on absorption curves 


Leaf ' j 

1' ; ' 'Method 

( 1 ) 6650—6400 

(.%) mo-moo 

( 3 ) ([650-0150 

Clover ... 

Toluene in air* 

0.466 

0.685 

0.612 


Toluene in air 

0.437 

0.607 

0.580 

Barley 

Toluene in air 

0.518 

0.669 

0.595 


Chloroform in air 

0.516 

0.643 

0.601 

Tobacco 

Dry in vacuo* 

0.584 

0.691 

0.643 


Dry 45-50° C.* 

0.590 

0.699 

0.667 


* These are obscured by pheophytin formation, which tends to counteract, spectro- 
scopically, the effect of oxidized components. 


Samples from a given collection were usually killed simultaneously by 
at least tw r o methods. In cases where fresh weights w^ere accurately obtained 
(the leaf loses weight with great ease) comparisons of the “E” values for a 
given wave length became possible. Where the method has no deleterious 
effect, E is constant within a sampling error of ± 5 per cent. Where 
changes have taken place, E may fall as much as 50 per cent., indicating 
either a substantial loss of pigment, or the formation of pigments with pro- 
portionately lower capacity for absorption. A few results are given in 
table IV. 

Conclusions 

The method of killing a leaf preparatory to making a pigment extraction 
may significantly modify the chlorophyll pigments. This is of fundamental 
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TABLE IV 
Effect of method on E 6650 


Leaf 

| Method 

E 605o 

Remarks 

Clover 

1. Toluene in air 

0.335 

Oxidation 


Dried in air 

0.612 



Dried in H 2 

0.623 



2. Toluene in H 2 

0.245 



Toluene in air 

0.184 

Oxidation 

Sunflower 

1. Toluene in air 

0.847 

: ' ... ' ..• . ; . -U : 


Dried in vacuo 

0.880 



Dried in 45-50° C. 

0.801 


Tobacco 

1. Dip in boiling water 

0.608 



Freeze 

0.620 



2. Solvent extraction 

0.414 



Dried 45-50° C. 

0.300 

Oxidation and pheophytin 

Barley 

1. Solvent extraction 

0.399 



Dried in vacuo 

0.365 



2. Dried 45-50° C. 

0.389 



Dried in vacuo 

0.389 



Toluene in air 

0.305 

Oxidation 


import in studies purporting to discuss fluctuations in the a and b components 
of chlorophyll, because traces of pheophytin and other degradation products 
will profoundly modify the picture presented by spectroscopic data. The 
greatest danger arises with plants whose sap is decidedly acidic. Anaes- 
thetics, by modifying the phase relationships in the pigment-containing 
bodies, thereby exposing the pigments to the air, may have an equally serious 
effect on plants whose sap is nearer neutrality. They should be used there- 
fore only in the presence of an inert gas. 

It is of interest that the ratio of chlorophyll a to chlorophyll b apparently 
fluctuates within rather narrow limits, regardless of age of tissue or time of 
day. It is to be understood that the constancy of this ratio applies only to 
these two factors for normal healthy leaves and that no conclusions may be 
inferred for etiolated or chlorotic leaves nor for environmental factors widely 
differing from those obtaining in the field. 

Substantial differences, however, are recorded for different plants. Of 
minor interest is the identity of pigment ratios in the juvenile and adult 
types of leaves of the eucalyptus. 

Part II 

Separation of blue and green components by adsorption 
It is necessary to examine further the criteria set up to determine that 


13 4 


PLANT PHYSIOLOGY 


there has been no fundamental change in the chlorophylls of clover, for 
example, whether killed by dipping in boiling water, by solvent extraction, 
or by drying. There is the substantially identical nature of the absorption 
spectrum curve, but this differs significantly from corresponding curves for 
sunflower or tobacco, and it becomes necessary to inquire to what extent we 
are justified in ascribing these differences solely to fluctuation in the ratio of 
the two chlorophyll components. 

The simplest method of answering these questions is to show that the 
unaltered extracts contain only two chlorophyll components which have 
identical absorption spectra regardless of the source of material. Until we 
have devised preparative methods for isolation in pure solid form of the two 
components we are not justified in assuming the blue component to be 
unaltered chlorophyll a, nor the green, unaltered chlorophyll b. We have, 
however, been able to show that the leaves studied give blue and green com- 
ponents of whose spectroscopic identity there can be no reasonable doubt. 

When it becomes possible to show that our blue and green components 
are unaltered chlorophylls a and b, we may hope to give a definite answer 
to the problems raised by the papers by Winterstein and Stein (7), Win- 
terstein and Schon ( 6 ), and by Zscheile ( 8 ). No contribution can be 
made to the subject which tacitly ignores or refers only by implication to 
the differences of opinion. Furthermore, the fact must be bluntly stated that 
no chlorophyll absorption curves have been published which are accepted 
unreservedly by workers in this field. 

The evidence presented in this section is definitely unfavorable to 
Zscheile *s suggestion of a third component of chlorophyll. If it be pointed 
out that his methods of extraction were not dissimilar to those found to be 
satisfactory in this paper, it need hardly be emphasized that there is inevi- 
table difficulty in working with 1 or 2 kg. of fresh material, not encountered 
when 2 to 5 gm. are worked up in as many minutes, for rapid spectroscopic 
analysis. The writer considers it inevitable that chlorophyll prepared by 
the method of Willstatter and Stoll must contain some quantity of an 
oxidized component, the extent of oxidation depending no doubt upon the 
leaf material used and upon the skill of the worker. As already pointed 
out, the separations by adsorption are not quantitative. Thus Winterstein 
and Stein {loo. cit., p. 274) from 3 gm. chlorophyll (60 per cent, a: 40 per 
cent b) obtain 700 mg. of a, and 1300 mg. b } with 300 mg. of mixture. 

Difficulties of this type have undoubtedly given rise to the search for 
other methods and a corresponding neglect of the adsorption technique, par- 
ticularly in its most recent developments. Thus Miller (2) writes: “Re- 
cently Zscheile (11) * and Miller (7) have shown that the speetrophoto- 
■■ electric method satisfactorily solves the problem of pigment differentiation. 

* Numbers here refer to Miller’s citations, q.v. 
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This method makes possible not only the determination of the total differen- 
tiation for each group (chlorophylls, carotenes, and xanthophylls), but also 
the analysis for the total of each component within the respective groups. 
Because no separation of pigments into groups or components within a group 
is necessary, the spectrophotoelectric method is rapid. ” 

With this, the writer is in profound disagreement. Where spectroscopic 
data indicate significant changes in the pigment content, supplementary 
evidence must be obtained to avoid the ascribing of such changes to erroneous 
causes. Furthermore, Beer’s law cannot as yet in practice be extended to 
cover a dozen or more xanthophyll components, 4 or 5 hydrocarbon caro- 
tenoids, 2 (or 3) chlorophyll components, together with such modifications of 
the chlorophylls as may appear in a study of methodology, without ‘ £ separa- 
tion of pigments or components within a group.” In no way now known can 
the necessary evidence be more easily obtained than by the Tswett adsorp- 
tion method. 

In considering next discrepancies in the absorption spectra of the two 
recognized components, we come to an extremely unsatisfactory stage. In 
proceeding with detailed criticism, we must admit certain limitations. As 
already stated, a definitive contribution requires that we isolate, in solid 
form, spectroscopically pure chlorophylls a and b. Our only claim for 
inulin as yet is that we are enabled to obtain rapidly blue and green com- 
ponents in solution, free from other pigments. The detailed observations of 
Zscheile and the numerous analyses by Winterstein and Stein are evidence 
of the magnitude of the task confronting anyone who would make this con- 
tribution, though we hope the inulin procedure may offer a means of 
obviating the long and laborious method now in use for the isolation of 
chlorophyll. (For a goal which requires spectroscopically pure components, 
the method of Willstatter and Stoll may be dangerously long.) 

Our criticisms are offered at this juncture because it is now four years 
since Winterstein and Schon replied to Zscheile ’s paper, during which 
period there has been a great increase in the hypotheses propounded and 
solutions offered as to the photosynthetic mechanism, and withal, few realize 
that no adequate absorption coefficients have been reported, which as we 
have stated, are unreservedly acceptable. 

We find Zscheile in agreement with Winterstein and Stein that chloro- 
phyll b prepared by the method of Willstatter and Stoll may contain a 
considerable, percentage (15-20) of component a. There can be little justi- 
fication for the comparison by Winterstein and Schon (loe. cit., p. 140) 
of their results in benzene with Zscheile ’s values in ether. The apparent 
reversal in the relative heights of the maxima in ether solution, at 663 mq 
and at 432 mq (Winterstein and Stein, loc. cit., table, p. 270), remarked 
by Zscheile, is only explained later (6, p. 141) as a subjective observation. 
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However, the presence of two absorption maxima, at 623 and 607 mp for the 
a component in ether, and at 614 and 594 m p for b ( loc . tit., p. 268), which 
are certainly not all represented in the absorption curves for the components 
in benzene solution (fig. 1, p. 268), indicates either that solvent differences 
cannot be ignored, or that ether may be a particularly unreliable solvent 
owing to the ease of peroxide formation. The meaning of the statement by 
Winterstein and Stein (loc. tit., p. 269) : “Es ist moglich dass die beiden 
fur Chlorophyll a bei 623 und 607 mp sowie die beiden bei 507 und 494 mp 
angegebenen Doppelbanden doch nur Einzelbanden sind,” is not clear to 
the writer except insofar as the observations are still subjective. 

Measurements reported in this paper, though on a relative scale, may be 
compared with the results of Winterstein and Stein, and of Zscheile. No 
serious disagreement is found, either in dichloroethane or in 80 per cent, 
acetone, with Zscheile’s values, measured objectively in ether, nor with 
those of Winterstein and Stein, in benzene. The solvent has apparently 
very little effect on the positions of the maxima — contrast in this respect, 
the positions of the maxima for (3-carotene in carbon bisulphide and in ethanol 
( 4 ) — nor yet on the differences in the absorption coefficients between the 
maxima. We have as yet no criterion for comparing the absolute values, 
where Winterstein and Stein and Zscheile are in most serious disagree- 
ment. 

We cannot determine precisely how Winterstein and Sci-ion (loc. cit., p. 
140), re-calculated Zscheile ’s values. If we take Zscheile 's value of 91.3, 
the highest reported by him for component b, at 4525 A, this should be multi- 
plied by the molecular weight, approximately 910, and by 2.303 to convert 
the specific coefficient (logarithm to base 10) to the molar coefficient (loga- 
rithm to base e). Thus 91.3 x 910 x 2.303 = 191 x 10 s , not 236.9 x Iff 5 , as 
reported by Winterstein and Schon. 

For effective separation of the components on inulin we found it neces- 
sary to introduce another solvent, dichloroethane. There is but little dis- 
placement of the band maxima in this solvent as compared with ether. As 
the values reported here are on a relative scale, it is possible to compare our 
blue component with their a , and the green with A. No direct comparison 
can be made of blue and green components. 

It is of interest that differences in the maxima correspond quite closely 
with those reported by Zscheile, and we agree further with him in finding a 
minimum for the green component at 6150 A (Zscheile, with ether gives this 
at 6140 A). 

Experimentation 

The following leaves were studied: clover, sunflower, tobacco, barley, 
sorrel, Virginia creeper, and ivy. 

Two to five gm. of leaf material, prepared by a method suitable for each 
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particular leaf, were extracted with 50 cc. of 80 per cent, acetone, transferred 
to 15 cc. of petroleum ether which was then washed and dried. Five to ten 
cc. of this solution was adsorbed on a column of inulin, diameter 2 cm., length 
,5 to 10 cm. This was washed exhaustively with benzene-petroleum ether 
(b. p. 55-65° C.), 3 : 1 by volume, until all carotenoids had been eluted. This 
required 150 to 200 cc. of solvent. Redistilled washed dichloroethane was 
then added to effect a rapid separation of blue and green components. The 
first fraction eluted was blue. Where no oxidation took place, the green 
component was also completely removable with dichloroethane. A third com- 
ponent, found where undesirable extraction methods had been used, was held 
very strongly as a green or greenish-gray band, and eluted with acetone or 
ethanol. 

Spectroscopically, the third component was intermediate between the pure 
green and the pure blue components. Both green and blue eluates should 
be passed over a second column to remove traces of the other, though this was 
not done in all cases because both components tend to bleach on prolonged 
exposure to light, and immediate observations were desirable. The solutions 
at 0° C. in the dark keep their color apparently unimpaired, at least three 
weeks. 

In no case could differences in wave length of maximal or minimal 
absorption be tolerated, but differences of 0.02 to 0.03 unit in log E, and 
deviations in the general shape of the curves were permitted where it was 
reasonably certain they could be eliminated by more rigorous purification. 

The essential points to be noted here are, first, the ease with which solu- 
tions of the individual components could be prepared by adsorption on 
inulin, in some eases within three hours from picking the leaves ; and second, 
an agreement in their absorption spectra. 

Study was confined to the regions 6700 to 6000 A, and 4800 to 4000 A, 
where the most critical differences between the blue and green components 
are known to exist. The solvent used was dichloroethane. The blue com- 
ponent in all cases gave maxima at 6630 and 6180 A in the red, with a mini- 
mum at 6380 A. In the blue, a maximum was found at 4300 A, and a second 
small maximum, sometimes only a shelf, at 4150 A. 

The green component gave only one maximum in the red, at 6460 A, with 
a minimum at 6150 A. If another band exists between 6200 and 6000 A, it 
is of the order of 0.005 log unit or less above the neighboring points. In the 
blue region, maxima were found at 4600 and 4350 A. 

In table V will be found the following criteria for determining the con- 
stancy of the shape of the curves for the respective components. For the 
blue component, these are the differences in the coefficients for the respective 
maxima at the wave lengths noted : 
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TABLE Y 

Differences in log E for various maximal wave lengths 
Blue component 


Leaf 

(1) 4300-6050 

(2)4300-4150 

(3) 0650-0200 

Sunflower 

0.106 

0.125 

0.693 

Barley 

0.112 

0.121 

0.667 

Clover ) 

0.112 

0.120 

0.675 

Sorrel 

0.150* 

0.122 

0.698 

Tobacco 

t 

....t 

0.690 

Virginia creeper 

0.112 

0.127 

0.675 

Ivy 

0.104 

0.125 

0.666 


* Contained traces of carotenoid. Speed was essential because of the high acidity 
of this plant. 

t Contained traces of green component discovered, by readsorption. 


Green component 


Leaf 

(1) 4600-0400 

(2)4600,4850* 

Sunflower 

0.437 

0.265 

Barley 

0.445 

0.378 

Clover 

0.451 

0.377 

Tobacco i 

0.459 

f 

Sorrel 

0.448 

0.302 

Virginia creeper 

0.433 

0.366 

Ivy ; 

0.424 

0.264 


* The band at 4350 was sometimes poorly defined, where it appeared a shelf. This 
is the only really unsatisfactory group in the table, its proximity to the blue maximum at 
4300 A makes it suspect. 

t Contained traces of blue component. 

1 ) log E430O “ log -El 0650 

2) log E4300 - log E 4l5 o 

3 ) log Egoso — log Egaoo 
and similarly for the green component : 

1) log E 4 (ioo-log ^0450 

2 ) log E4S00 - log E4350 

The constancy of the differences listed in table V is extremely satisfac- 
tory, particularly for the differences between the two main maxima for each 
component in the blue and red regions of the spectrum. It is, indeed, rather 
striking evidence of the efficacy of inulin as an adsorbent, that such a rela- 
tively high degree of spectroscopic purity could be attained, in the majority 
of cases, by the use of a single column of adsorbent, without recourse to 
further purification by this means, beneficial though this might well have 
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been. Two other factors may be briefly considered. First, the most inten- 
sive study was devoted to the main absorption maxima for each component. 
Hence the concentrations of the solutions were made most favorable for their 
measurement; and second, dichloroethane, and presumably therefore this 
applies to all less stable chlorinated solvents, is far from an ideal solvent 
with respect to stability of the components, if exposed to light, though it was 
most satisfactory in the separation and elution of the components on the 
inulin column. 

Finally it should be recalled that in no case was there any difference in 
the positions of maxima and minima on the wave length ordinate. 

A critique of one very recent paper (Rabinowitch, E., and Weiss, J. 
Reversible oxidation of chlorophyll. Proc. Roy. Soc. London A 162: 251- 
267. 1937) cannot in fairness be attempted here. 

These authors consider the differences in band maxima (most evident in 
the case of chlorophyll b) between their results and Zscheile’s, may be 
explained in part on the basis of Hubert’s results in different solvents 
(Hubert, B. Estimation of the band position of chlorophyll in different 
media. Proc. Kon. Akad, Wetensch. Amsterdam 37: 3-8. 1934). Appar- 
ently Hubert used leaf chlorophyll, and his data for ether and acetone ex- 
tracts are the reverse of those now under consideration, though the difference 
he reports for these solvents is slight, of the order of 15 A. The greatest un- 
certainty lies in the spectroscopic characterization of chlorophyll b, and 
the observations of Rabinowitch and Weiss strengthen the writer’s conten- 
tion that extreme caution must be used in evaluating spectroscopic data (in 
many instances of high precision) in terms of possible biological significance. 

Conclusions 

We feel justified in considering the leaves studied, when extracted by 
appropriate means, to contain only two chlorophyll components, spectro- 
scopically identical with similar components from different leaf sources. 
When therefore leaf extracts show differences in their absorption spectra 
which cannot be ascribed to method of leaf -killing, it may be concluded there 
are differences in the ratio of the two chlorophyll components. Adsorption 
studies on inulin are definitely unfavorable to Zscheile’s hypothesis of a 
third component, in which respect we agree with Winterstein and Schon. 
It has been pointed out that a definitive answer is not yet possible on the 
absorption coefficients of the pure chlorophyll components. Our results in 
dichloroethane are in better accord with Zscheile’s interpretations of his 
own results than with those of Winterstein and Schon. A discussion of 
the differences has also been presented. 
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EFFECT OF LIGHT ON C0 2 IN LEAVES 


John Shaper, Jr.i ; 

(with three figures) ! 

Introduction 

Recently, in an attempt to find some correlation between the average j 
stomatal aperture of a leaf and the amount of carbon dioxide in that leaf, 
the author developed a piece of apparatus with which to extract and analyze 
the gas in a single leaf. In time it became apparent that no correlation ■; 
between stomatal aperture and carbon dioxide was being found. At about 
the same time it began to appear that darkness is associated with a decrease 
in the amount of carbon dioxide in leaves. Even before this it had become 
obvious that leaves contain large amounts of carbon dioxide when they are i 
in bright light. The latter part of the research was turned to the apparently j 
new study of light effect on the carbon dioxide contents of leaves. j 

The extraction of gases from the leaf was performed essentially in the 
way followed by Magness (6). The analysis of gases obtained followed the j 
basic principles employed in any of several common volumetric gas analysis \ 
apparatuses. The analysis part of the apparatus approaches most closely, \ 
perhaps, that of Bonnier and Mangin (2, p. 377). 

Most of the work leading to the data in this paper was done on the broad | 

bean, Vicia faba L. This was a very satisfactory plant because of its oppo- j 

site, glabrous leaves. The following plants also were used at one time or j 

another: nasturtium, Tropaeolum majus L. ; beet, Beta vulgaris L. ; wander- j 

ing Jew, Zebrina pendula Schnizl. ; red kidney bean, Phaseolus vulgaris L. ; 
a variegated geranium, Pelargonium hortorum Bailey ; a willow, Salix sp. ; 
two varieties of roses, Rosa spp. — a white-leaved kind, “ Silver Wedding 
Rose” (furnished by the courtesy of the Albert F. Amling Co., of May- 
wood, Illinois), and a green-leaved variety, “Senior.” 

The present research has been based on determinations of the amounts 
of carbon dioxide which could be extracted from leaves by a Torricellian 
vacuum. Nearly always the leaves have been used singly, each determination 
giving the amount of carbon dioxide in the gases obtained from one leaf (or 
leaflet, in the case of Vicia). 

Apparatus 

The samples have been extracted and analyzed in the apparatus shown 
in figure 1. The flask Q holds an aqueous solution of 30 per cent, sodium 
hydroxide. Before the apparatus is used, the sodium hydroxide is drawn 
through the capillary tube P, of 1.5-mm. bore, and the stopcock M, of 1-mm. 

i The writer held a Cramer Fellowship from Dartmouth College during this research. 
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bore; then the stopcock is closed. This arm (. N,P,Q ,) of the system is to 
be used in the analysis and must be completely filled with sodium hydroxide. 
Tubes P and N are joined, the end of each having been ground flat, by a short 
rubber tube. 



Fig. 1. Apparatus for extraction and analysis of gas from leaves. 


Now the capillary tube L, of 1.5 -mm. bore, must be washed and dried. 
This tube must be washed frequently. It is easily done by separating the 
ground glass joint K and applying suction to that end of tube L. Water can 
then be drawn through tubes L and 8, followed by alcohol and then by air 
until the tube L is dry. 

The entire apparatus, save only the arm N,P,Q, must be dry when used. 
With care all water can be kept from passing joint K into chamber J ; hence 
this need never be dried. The apparatus is next filled with mercury from 
the mercury reservoir A to the stopcock M. This stopcock is closed and the 
reservoir A lowered to produce a Torricellian vacuum. Rubber tube C must 
be nearly 1 meter long. Several successive evacuations are needed to free 
this part of the apparatus of air. All air must be removed from tube system 
G,H,D,C. It has been impossible to reduce the air below 0.5 cm. (Through- 
out this paper gas measurements are expressed in centimeters, having been 
measured always at atmospheric pressure). 

Once freed of air, the apparatus is ready to use. The joint K is separated 
and the mercury allowed to drain partially from, chamber J . Chamber J 
is completely emptied only when under vacuum ; only in this way can air 
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be kept from going below cross-tube F . Into the partly empty chamber is 
introduced a leaf. Then the joint K is quickly closed and mercury is driven 
in to fill chamber J, tubes L and S, and half of levelling tube T, Stopcock 
M is then closed and the reservoir A lowered. As the chamber J empties, 
various gases quickly emerge from the leaf. After half a minute or so the 
mercury is returned to chamber J, driving the gases extracted from the leaf 
into tube L . No more attention need be given to the leaf ; it will not give 
off any gas so long as it is covered by mercury at atmospheric pressure, and 
even if some were produced, it could not mix with the sample being analyzed. 

For analysis the gas must be measured at some constant pressure. 
Atmospheric pressure is the easiest pressure to attain and is reasonably 
constant. Stopcock D is closed and that at M opened. The pressure is 
then adjusted by screwing the levelling bulb T up or down. The scale W 
is at this time hooked onto tube A. The scale used in the present work was 
28 cm. long and was divided into millimeters. With a hand lens of about 
7x power one can read the mercury meniscus to tenths of millimeters with 
an accuracy of ~ 1 0.01 cm. The gas bubble is most easily measured by taking 
the difference between the readings of its two ends. 

Once the length of the bubble is known, most of the mercury between 
the bubble and the 3-way stopcock M is forced into the tube system S-T. 
Then the stopcock is reversed, and the rest of the mercury and all of the 
gases are allowed to pass into the tube system N-Q. It is best to stop in the 
stopcock M the mercury following the gas. The presence of the mercury 
globule in front of the gas bubble has several advantages and is quite neces- 
sary. It leaves in the tubes N and P, however, enough hydroxide solution 
to absorb all of any bubble introduced into those tubes, even if the bubble is 
pure carbon dioxide. This has been determined experimentally. Experi- 
ment has also shown that all of the carbon dioxide is removed from a sample 
within thirty seconds after the last of that sample has entered the hydroxide- 
holding tube. Therefore, at the end of half a minute the gas is drawn back 
into tube L and its length determined as before. The difference between the 
former and this latter bubble length is, of course, a measure of the carbon 
dioxide originally present. This second reading completes a determination. 
Several centimeters of the hydroxide solution are drawn from tubes N and P 
to remove mercury and exhausted sodium hydroxide. Finally the system 
from K to T is washed and dried, preparatory for another analysis. 

Certain experimental difficulties which have been met are these : (1) Some 
parts of the apparatus (especially the stopcock M) may trap part of the 
sample. (2) The leaf may in one way or another trap large amounts of air, 
thus making the sample so large that part of it must be discarded. (3) Vol- 
ume changes of the sample may be large — changes due to pressure and room 
temperature are slow and can be disregarded as regards single analyses. The 
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greater variations due to these causes over a period of days will tend to 
equalize each other. The proximity of the operator’s body to the apparatus 
will cause rapid temperature, and therefore volume, changes. (4) Occasion- 
ally tube L and stopcock M become so dirty that they must be cleaned ; this 
is easily done with aqua regia. (5) After a period of use, the stopcock M 
allows some of the sodium hydroxide solution to pass and must be greased 
again. (6) Some leaves, e.g., those of Vicia, take mercury into their inter- 
cellular spaces, thereby causing the gas bubble to move toward the chamber J. 

Various experiments to test the accuracy of this gas analysis indicate 
that the maximum error for any one reading is dz 0.10 cm. Only rarely does 
the error for any one reading exceed this value. 

The bore of capillary tube L must be nearly constant, if one is to get 
accurate readings. The bore of the tube used in the present work was tested 
in this way : a globule of mercury about 1 cm. long was introduced into the 
tube and measured between each two adjacent centimeter marks on the scale 
from one end of the tube to the other. This was repeated ten times. Then 
the ten readings for each centimeter region were grouped and averaged. 
These average values were used in constructing the graph of figure 2. The 
value of c was calculated for each of the average values : 2 the highest c was 
0.0217, the lowest 0.0159, the average 0.0183. Note in figure 2 that a mean 
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Fig. 2. Graph showing variations in capillary tube L. 


value of 1.005 dz 0.10 cm. includes most of the length of the capillary tube. 
The ordinate values in the graph mean nothing as absolute lengths, but they 
undoubtedly show the relative cross-sectional areas of the different regions 
of the tube with considerable accuracy. 

Whether the bore of tube L is constant enough for use must finally be 
determined by the accuracy of the readings which are obtained in actual 
analyses. The work reported in this paper can at best have been only semi- 

2 Thanks are due to Professor J. B. Livermore for help with the statistical part of 
the problem. 
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quantitative. Therefore, the accuracy of the apparatus may he considered 
sufficient if the errors do not completely obscure the results. 

Methods of analysis 

Two methods have been used to test the working accuracy of the appa- 
ratus. The one employed the analysis of samples of carbon dioxide-enriched 
air. The other employed the analysis of numerous samples of atmospheric 
air taken from the laboratory. 

The results of the tests employing carbon dioxide-enriched air are sum- 
marized statistically in table I. The method used was to enclose in a flask 


TABLE I 

Statistical summary or lata from analyses of C0 2 -enriched air* 


Date 

Av. C0 2 

N 

CJm 

Error of 
single ob- 
servation 

%xN 




■ ■ 

%'■ 


3/16/36 

0.40 

15 

0.102 

25.4 

381.0 

3/17/36 

0.30 

15 

0.082 

27.3 

409.5 

3/19/36 

0.33 

10 

0.065 

19.7 

197.0 

3 /20 /36 

0.31 

10 

■ 

0.030 

9.7 

97.0 

50/ 1084.5 

21.7 


* On the basis of the 50 observations included in this summary, the error of a single 
observation is 21.7 per cent. 


the enriched air and to invert the flask over one arm of a IJ-tube. The mouth 
of the flask was sealed with mercury. The free end of the U-tube was at- 
tached to stopcock H of the apparatus, A sample could be drawn at will by 
evacuating chamber J, then opening stopcock H. Ten or fifteen small sam- 
ples were drawn from the flask before it had to be refilled. It was found that 
the gas in the flask varied in composition unless the mercury within and out- 
side of the flask was maintained at nearly identical levels. This was done in 
the tests. 

The accuracy of analysis was tested in another way from these same data ; 
the average percentage of carbon dioxide in each flask was calculated from 
the analytical data for the various small samples. From the average per- 
centage it was possible to calculate what carbon dioxide reading should have 
been obtained from each individual analysis. This assumed that the average 
carbon dioxide value for a flask was a correct measure of the carbon dioxide 
concentration. The difference between any calculated value for carbon diox- 
ide and the corresponding experimentally determined value was taken to be 
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experimental error. Results falling within ±; 0.10 em. of the calculated 
value were obtained from 42 of the 50 analyses. 

For the tests using atmospheric air, the samples were drawn directly from 
the laboratory air. If the concentration of carbon dioxide in that air had 
been 0.03 per cent., the maximum reading obtained for carbon dioxide should 
have been 0.01 cm. Since the error in reading each mercury meniscus was 
by itself 0.01 cm., ordinary air has been considered for present purposes to 
have no carbon dioxide. Any difference in bubble length has been assumed 
to be experimental error. Of the 60 analyses made, 51 were included within 
limits of 0 ± 0.1 cm. (table II). 

Data from the results of the analyses of moist and dry air are also in- 
cluded in table II. The general technique used was that employed in obtain- 


TABLE II 

BESULTS or ANALYSES OP AIR TO SHOW VARIATIONS DUE TO RELATIVE HUMIDITY 


Condition of 

AIR USED 

AV. TOTAL 
VOLUME 

Av.“C<V’ 

READINGS 

± CUr 

co 3 

No. OF 
ANALYSES 

No. OF 
READINGS IN 
LIMITS 
± 0.1 CM. 

Untreated 

23.681 

0.021 ± 0.012 

% 

0.087 

60 

51 

Dried over KOH 

22.409 

0.019 ± 0.014 

0.086 

15 

13 

Moist over H*Q 

20.809 

0.010 ±0.009 

0.046 

29 

28 


ing samples of carbon dioxide-enriched air. Dry air was prepared by having 
in the flask for several days small chunks of potassium hydroxide. Moist air 
was prepared by having water in the flask for several days. 

Of the data for dry air, limits of 0 dr 0.1 cm. include 13 of the 15 read- 
ings. This is equivalent to 52 of 60 readings, and compares well with the 
51 of 60 readings obtained by the application of the same limits to the data 
concerning ordinary air. Of the data for moist air, the same limits include 
28 of 29 readings, equivalent to 56 of 60. This, too, is close to the figure 
obtained from the data for ordinary air. 

The apparent complete absence of any effect of water vapor on carbon 
dioxide readings is extraordinary. Assuming a pressure of 760 mm., a tem- 
perature of 20° C., and a 10 M. (40 per cent.) sodium hydroxide solution 
70 per cent, ionized, one can calculate that a 28-em. sample, with no carbon 
dioxide but with 100 per cent, relative humidity, should show a decrease after 
absorption of 0.17 cm. This is above the limit of error for an individual 
reading and should affect the results of a series of readings ; yet it seems to 
have had no effect. Perhaps the methods of changing the humidity of the 
air were not effective. 
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Even if the presence of water vapor does affect individual readings, it will 
not change any final conclusions because all of the present research has been 
done on leaves; and the amounts of water vapor given off by the various 
leaves, though it may vary, is without doubt so nearly constant that any error 
due to the absorption of water vapor by the sodium hydroxide will appear 
uniformly in all analyses. The relative effect of such an error will, there- 
fore, be zero. 

In summary, it seems that the apparatus used in the present research was 
accurate within limits of ± 0.1 cm. for any single reading, or perhaps less, 
if the statistically obtained error of 21.7 per cent, is correct (table I). A 
summary of all the analyses of carbon dioxide-enriched air, ordinary air, dry 
air, and moist air shows that limits of zt 0.1 cm. include 134 of 154 analyses, 
or 87 per cent, of the total. The accuracy of the average of a series of read- 
ings is undoubtedly greater than ± 0.10; it may be greater than it 0.02, to 
judge from the various om’s which have been calculated. The readings are 
probably unaffected by any variation in the amount of water vapor (table II) . 

Experimentation 

Throughout the work it has been obvious that illuminated leaves contain 
much carbon dioxide. Experiment 1 of table IV shows data from the 
analyses of pairs of Vida leaflets and will illustrate the point. Each mem- 
ber of every pair was in light and the two analyses were made in rapid suc- 
cession. The average amount of carbon dioxide in the first leaflets of the 
various pairs was 0.322 cm., or 1.53 per cent, of the average total volume of 
the samples. The value for the second leaflets of the pairs checks well with 
this, being 0.323 cm. of carbon dioxide on the average, or 1.51 per cent, of 
the average total volume. Since the gas samples were contaminated by air 
which had been adsorbed by the surfaces of leaves and apparatus, and per- 
haps also by air from small leaks, and since these contaminations increased 
the volumes of the samples without affecting measurably the amounts of car- 
bon dioxide in them, the percentages just given are not percentages of carbon 
dioxide in the gases actually obtained from the leaves. The percentages in 


TABLE III 

Average values of C0 2 obtained on 2/27/36-2/28/36 


Plant 

Hay 

i ■ 

Night 


cm. 

% 

cm. 

% 

Tropaeolum 

0.31 

1.35 

0.28 

1.20 

Vida 

0.35 

2.04 

0.22 

1.26 

Beta 

0.70 

2.89 

0.48 

2.00 
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the leaves must have been even higher than these figures indicate. In any 
ease it is to be seen from these data that the vacuum method used draws much 
carbon dioxide from leaves, even when they are brightly lighted. 

From table III it appears that there is not more extractable carbon diox- 
ide in leaves at night than in the daytime. The data for this table were col- 
lected over a period of twenty-four consecutive hours and should therefore 
be comparable. Data obtained after daybreak on 2/28/36 are not included 
in this summary, for it is possible that the leaves must be exposed to light 
for a period of time before they gain more carbon dioxide. 

These data suggest, indeed, that leaves contain less carbon dioxide at night 
than in the daytime, but by themselves are too few to prove this. However, 
later and more extensive work with Vida makes the point clear. 

To determine definitely the effect of darkness on carbon dioxide content 
of leaves, Vida f aba was used. Its paired leaflets made it especially suitable. 
One leaflet of a pair was analyzed at the time the plant was darkened, the 
other after the plant had been dark for the desired length of time. As a 
check on the method several pairs of leaflets were analyzed without having 
been subjected to any dark treatment, the second leaflet being analyzed as 
soon as possible after the first analysis. These data are given in table IV, 
experiment 1. The odds in favor of any significant difference between the 



Pig. 3. Graph showing loss of C0 2 in leaves of Vida during periods of darkness. 
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t When D/a is 2.1 the odds in favor of the significance of D are 27 : 
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means of the two series of data are far below 2 : 1, as calculated by D/ c. Any 
significant difference between the averages of the carbon dioxide contents of 
two series of paired leaflets of Vida fdba must, therefore, be due to the treat- 
ment given the plants between the times of picking of the two leaflets of each 
pair. 

The plants of Vida were darkened by being put in closed cupboards. 
The lengths of treatment were i, 1, 1 j, and 3 hours. The data obtained from 
these various groups of experiments are given in table IV (experiments 2-5). 
The results of the various groups are summarized graphically in figure 3. 

The curve as drawn in this graph is of necessity only relative. It can be 
made nearly quantitative, but only if both light and temperature are con- 
trolled throughout the experiments employed in deducing the curve. (This 
is true, indeed, of all work reported in this paper.) From the present work 
it is clear that light influences the amount of carbon dioxide. There have 
been strong indications as time passed that temperature, too, affected the 
amount. Though the precise points on the curve cannot be considered fixed, 
it is reasonably certain that the general form of the curve will stand. To 
be sure the differences between adjacent points obtained by work on treated 
leaves are not significant statistically. However, it seems logical that the 
4-hour point should be intermediate between the 0 and 1-hour points. The 
attainment of equilibrium, as denoted by the slight difference between the 
14- and 3-hour points, is also to be expected. That this equilibrium value 
should be below the zero point is supported by the data in table III, for the 
run of February 27-28. Here for three kinds of plants the night carbon 
dioxide average is less than that for the day. 

In the drawing of the graph the zero point was arbitrarily assumed to be 
constant, and the other points were plotted as differences. That is, each 
check was assumed in its turn to be zero, and the difference between that 
check and the corresponding treated leaves was plotted directly on the graph. 
Such a method was necessitated by the existence of a certain amount of varia- 
tion between the carbon dioxide values of the various cheeks. 

The data obtained make it very certain that, under the conditions involved 
in these experiments, less carbon dioxide can be extracted from Vida leaflets 
by a vacuum after those leaflets have been in the dark half an hour or more 
than can be extracted from similar leaflets in the light. In every case 
studied, the difference between the carbon dioxide contents of lighted and 
darkened Vida leaflets was statistically significant. That such a decrease in 
extractable carbon dioxide occurs in other plants is indicated by the data 
from the 24-hour run involving Tropaeolum, Vida , and Beta; by the work on 
the white leaves of Salix and Rosa ; and by the work on white and variegated 
leaves of Pelargonium. 

In all of the Vida experiments just mentioned the darkened plants were 
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without doubt several degrees cooler than the lighted ones. This made it 
impossible to say whether the effect was due to change in light or in tempera- 
ture conditions. An attempt was made to separate these two by putting the 
plants for 1 hour into a dark chamber which was 2°-5° C. warmer than the 
greenhouse. The temperature of lighted leaves (not in direct sunlight), as 
measured by a thermocouple, was not more than l°-2° C. above the green- 
house temperature. Therefore, the darkened leaves were in this case prob- 
ably warmer than the lighted ones. Nevertheless, there was a decrease in 
extractable carbon dioxide when the plants were darkened (experiment 6, 
table IV). Unfortunately, this decrease is not statistically significant. 
Neither is it as large as the decrease in the earlier lot of 1-hour darkened 
leaves. Its existence suggests very strongly, however, that part of the de- 
crease in carbon dioxide in the earlier experiments, if indeed not all of it, 
was due to a change in light conditions. 

Keference has been made to experiments involving white leaves. Three 
kinds of plants, Salix , Bosa, and Pelargonium , were used in these experi- 
ments. The Salix leaves were white from lack of some nutrient element, 
probably iron. The Bosa and Pelargonium leaves were genetically white. 
Too few white leaves were available to provide indisputable results. The 
indications are very strong, however, that the carbon dioxide content of white 
leaves decreases in the dark just as does that of green leaves. The data from 
these white-leaf experiments are summarized in table V. The data found 
there for green leaves were collected as checks on the white-leaf data, since 
no work had been done previously with any of the three species concerned. 

The supplies of Salix and Bosa leaves were entirely too small to furnish 
statistically satisfactory results. It is interesting, however, that the white 
leaves of each showed a greater decrease of extractable carbon dioxide in the 
dark than did the corresponding green leaves. 

The work with Pelargonium indicates strongly that the carbon dioxide 
contents of white and of green (in this case, variegated, but mostly green) 
leaves are the same and are affected similarly by light and heat. This is 
rather evident from table V, but is more striking when it is realized that in 
the white-leaf average for carbon dioxide in darkened leaves, is included one 
abnormally high reading of 1.07 cm. If this one reading is omitted, D C o 2 
becomes 0.071, which is nearly the same as the value for mostly-green leaves ; 
D/c becomes 1.97, which gives odds of 19:1 in favor of the significance of 
D C o 2 * Lack of more white leaves of Pelargonium prevented further work of 
this sort. 

As can be seen from table V, nearly twice as much gas was obtained from 
the white leaves of Pelargonium as from the green ones, yet the amounts of 
carbon dioxide were about the same. The larger total volumes of the white 
leaves were undoubtedly correlated with the leaf structure. The white leaves 
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were somewhat larger, more hairy, and distinctly more succulent than the 
green ones. The white ones seem to have held more air on their surfaces and 
in their intercellular spaces because of these structural modifications. The 
modifications seem not, however, to have affected the carbon dioxide-holding 
power of the leaves. 

Results and discussion 

From the findings of this research three facts stand out. First, brightly 
lighted leaves contain a considerable amount of carbon dioxide which can be 
extracted and measured by the methods herein described ; second, the amount 
of extractable carbon dioxide in leaves is no higher at night than in the day- 
time ; and third, leaves lose carbon dioxide when taken from bright light and 
placed at once in darkness. 

There has been developed a tentative theory to explain the presence of 
much carbon dioxide in lighted leaves, and the disappearance of some of that 
gas in the dark. The effect of temperature is so little known that no effort 
has been made to include an explanation of its action. It is obvious, how- 
ever, that light is an important factor. 

It seems impossible that all of the carbon dioxide found, at least 2 per 
cent, in some cases (table Y), should exist as gas in the intercellular spaces. 
If the intercellular air contained 2 per cent, carbon dioxide, it would be im- 
possible for leaves to obtain any of that gas from air, because the diffusion 
gradient would be in the wrong direction. 

Since the carbon dioxide cannot be free, it must be bound in some way. 
Since a great deal of it can be rapidly extracted by a vacuum of approxi- 
mately 0.01 atmosphere, it must be loosely bound. It might conceivably be 
bound in any of three ways: by solution, by adsorption, by loose chemical 
combination. It is very unlikely that the gas is in solution. A leaf weigh- 
ing 0.5 gm. (and the Vida leaflets used weighed only 0.2-0. 3 gm.) would dis- 
solve from air in its contained water only about 0.00015 cc. of carbon dioxide 
at room temperature, whereas the amount found experimentally was 50 times 
that much. Moreover, the decrease of carbon dioxide in the dark cannot 
readily be explained on the basis of solution ; light should not have any pro- 
nounced effect on the solubility of a gas, and the drop in temperature occur- 
ring in the dark should increase solubility, not decrease it. It seems impos- 
sible on the basis of present data to determine which of the remaining two 
explanations is the better, whether the gas is adsorbed or loosely combined. 

It seems probable from the present work that the material holding the 
carbon dioxide is either activated by light to allow it to adsorb the gas, or it 
is produced in the presence of light, undergoing subsequent combination with 
the gas. Temperature may conceivably be a supplementary agent influenc- 
ing the production or activation of such a substance. In the absence of light 
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the material either holds the gas so firmly that a vacuum will not extract it., 
or more probably does not hold it at all, so that the gas is rapidly lost by the 
leaf. 

The curve in figure 3 suggests that there are at least two factors affecting 
the amount of carbon dioxide in leaves. When a leaf is darkened, the light- 
activated carbon dioxide-holding mechanism releases its carbon dioxide. 
This occurs rapidly but not all at once. The resulting drop in extractable 
carbon dioxide is shown by the first and descending arm of the curve in figure 
3. Bespiration is constantly producing carbon dioxide, however, and after 
a time the carbon dioxide content of the leaf reaches a sort of equilibrium 
value, at which time the production of that gas is just balanced by its loss. 
The assumption is that then the dark-acting carbon dioxide-holding mecha- 
nism of Spoehr and McGee (8) and of others is saturated. (Spoehr and 
McGee used dried leaf material, and found that when moistened it would 
absorb much carbon dioxide in the dark.) It is difficult to see why the 
amount of carbon dioxide should become temporarily less than that in equi- 
librium with respiration. Perhaps the apparent minimum is due only to 
experimental error. If, however, the carbon dioxide is held more tightly in 
the dark, rather than being freed, the minimum may be a true one. If so, 
the subsequent rise represents the accumulation of carbon dioxide from respi- 
ration, until finally the equilibrium value is reached. 

The most obvious assumption in connection with the light-activated ab- 
sorption of carbon dioxide is that it depends in some way on chlorophyll. 
It was to test such an assumption that the white-leaf experiments were per- 
formed. As stated on page 151, the carbon dioxide contents of white leaves 
seem subject to the same variations under the same conditions as are the con- 
tents of green leaves. Hence, chlorophyll is not a factor concerned in the 
light-activated absorption of carbon dioxide by leaves. 

This increased carbon dioxide content may be connected in some way 
with photosynthesis. On the other hand, it is conceivable that the carbon 
dioxide comes from an intermediate unstable product of respiration, whose 
formation is induced by light. 

Pew papers dealing with the extracted gases of leaves have been found. 
That by Boussingault (1) does not give data in any such form that they 
can be compared with those presented here. The papers by Grehant and 
Peyrou (3, 4) and by Peyrotj (7) are pertinent, but difficult of interpreta- 
tion. Their work seems to be the only extensive study devoted to the gases 
actually inside of leaves. Some of their data support the work here reported ; 
other data contradict it. Probably their data cannot be considered very seri- 
ously either in support or in contradiction of this work. 

Two factors make it difficult to compare satisfactorily their earlier experi- 
ments with these recent ones. For one thing, there seems considerable doubt 
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as to the accuracy of the work of Grehant and Peyrou. Their extraction 
was slow, and involved the heating of the leaves. These factors together 
probably caused respiration to influence markedly the composition of the 
gases obtained, concealing completely the original 0 2 /C0 2 ratio. Carbon 
dioxide frequently formed 50 per cent, of the gases. 

Assuming that the method was exact, however, one meets great difficulty 
in interpreting the data. For the most part, the experiments were not 
paired, they were not run in rapid succession, and they did not even use 
leaves from the same plant. Moreover, when obtained, the data were calcu- 
lated in such a way as to emphasize the oxygen variations, and not those of 
carbon dioxide. 

Another paper with possible significance in regard to the work just re- 
ported was written by Kostytschew (5) in 1921. He reports that leaves 
put into chambers with high carbon dioxide concentration (6-10 per cent.) 
show at first a high C02-02 ratio. Later, if photosynthesis is rapid, this 
drops to approximately 1. He suggests “dass eine bedeutende C0 2 -Menge 
ohne entsprechende Sauerstoff ausscheidung chemisch gebunden war. 7 7 Later 
he says, 1 1 Hochtswahrscheinlieh steht die hervorgehobene Tatsache im Zusam- 
menhange mit der wichtigen Beobachtung von Willstatter und Stoll hin- 
sichtlich der CO a -Bindung dureh kolloidale Chlorophyllosungen. 7 7 

In light of the work reported in the present paper, it seems very likely 
that Kostytschew was dealing with the light-activated absorption of carbon 
dioxide. This is suggested by (1) the preliminary large absorption of car- 
bon dioxide, (2) the lack of such absorption in darkened leaves (only two 
cases given), and (3) the release of most of this carbon dioxide only if the 
partial pressure of the gas became rather low. Although they support and 
supplement the work of the writer, the data presented by Kostytschew can- 
not be considered definitely to prove the correctness of the present work. 

Summary 

A method has been developed whereby the gases in a single leaf can be 
extracted and analyzed for carbon dioxide. By the use of this certain data 
have been obtained, and from these data the following conclusions have been 
drawn. 

1. Leaves in light or in dark contain much carbon dioxide. 

2. Leaves in the light contain more carbon dioxide than those in the dark. 

3. Carbon dioxide gas is not entirely or mainly in the intercellular spaces. 

4. This gas cannot be held simply in solution. 

5. Part of the carbon dioxide in lighted leaves is held by some light-acti- 
vated mechanism which involves adsorption or loose chemical combination. 

6. Chlorophyll is not concerned with this light-activated mechanism. 
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EFFECT OF HYDEO GEN-ION CONCENTEATION ON 
CHLORELLA PHOTOSYNTHESIS 


Robert Emerson and Lowell Green 
(with two figures) 

Introduction 

Aquatic green plants can assimilate carbon dioxide in solutions of 
widely -varying hydrogen-ion concentration. Our purpose in investigating 
the rate of photosynthesis as a function of this factor was to clarify the 
interpretation of experiments in carbonate mixtures, where the concentra- 
tions of carbonate and bicarbonate ions and of free carbon dioxide all vary 
with the hydrogen-ion concentration. The relationships are shown in 
figure 1, where the percentage of total carbon dioxide in each of these three 
forms is plotted against the pH. The range covered by the carbonate mix- 
tures is to the right of pH 8. From here the proportion of bicarbonate, 
which is at first maximal, declines with increasing pH, and the carbonate, 
extremely low at first, rises gradually to its maximum somewhere beyond 
pH 12. At the same time the proportion of free carbon dioxide declines 



Fig. 1. Proportion of total carbon dioxide in each of the three forms, free carbonic 
acid (C0 2 + HoCO.,), bicarbonate ions, and carbonate ions as a function of hydrogen-ion 
concentration. 

from its already very low value at pH 8, and becomes insignificant at pH 9. 
Nevertheless, if . the carbonate and bicarbonate concentrations are high 
enough, the concentration of free carbon dioxide remains appreciable, for 
purposes of measuring photosynthesis, down to pH 11. If the mixtures 
are prepared by mixing M/10 solutions of carbonate and bicarbonate, then 
at pH 9 the concentration of free carbon dioxide will be sufficient to 
“saturate” photosynthesis, that is to say, cells in this concentration of car- 
bon dioxide will show the maximum rate of photosynthesis of which they 
are capable. This rate will be independent of even relatively large changes 
of concentration. At pH 10, obtained according to figure 1 by mixing 
equal parts of carbonate and bicarbonate, the concentration of free carbon 
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dioxide will be '* ‘limiting’ 5 for photosynthesis, or so low that the rate of 
photosynthesis is now a function of the concentration. 

The solutions made by mixing M/10 carbonate and bicarbonate have a 
fair buffering capacity for carbon dioxide, a considerable amount of which 
may be used by assimilating cells without much change in concentration. 
Warburg (17) prepared a series of carbonate-bicarbonate mixtures covering 
the range of carbon dioxide concentrations physiologically important for 
green plants, and used these mixtures to study photosynthesis as a function 
of the concentration of free carbon dioxide, on the assumption that among 
the several variables in the mixtures this factor alone was significant for 
photosynthesis. Although this assumption has been questioned by plant 
physiologists from time to time, there has been a tendency to accept Nathan- 
sohn's (10) evidence in support of it (c/. also Benecke and Jost, 4, p. 201) . 
James (9) has discussed the possible influence of various factors in the car- 
bonate mixtures, but his experimental results appear to support Nathan- 
sohn's opinion, that the determining factor for assimilation is the concen- 
tration of free carbon dioxide. The work of Osterhout and Dorcas (11) 
and Osterhout and Haas (12) may also be regarded as giving support to 
this viewpoint. However, Warburg's curves for Chlorella photosynthesis 
as a function of carbon dioxide concentration, and certain of the phenomena 
he observed in connection with temperature coefficients and the action of 
inhibitors, are in disagreement with results obtained by van den Honert (7) 
and van der Paauw (13, 15) with Hormidium. In the Hormidium experi- 
ments the cells did not come in direct contact with carbonate mixtures, but 
were kept moistened with culture fluid. Both van den Honert and van der 
Paauw have made several objections to Warburg's technique, particularly 
to the alkalinity of the carbonate mixtures, but van der Paauw (14), after 
comparing his own method with Warburg's, concluded that some of the 
disagreements in results were due to real physiological differences between 
Hormidium and Chlorella , and that the methods were of about equal value. 
Unfortunately his method was applicable only to the range of saturating 
carbon dioxide concentrations. The most striking differences between War- 
burg's results and van den Honert 's were in the range of limiting concen- 
trations of carbon dioxide, where the characteristics of photosynthesis are 
of particular importance because they should reveal something of the reac- 
tions entered into by carbon dioxide. But when the concentration of free 
carbon dioxide is varied by using different carbonate mixtures, after the 
method of Warburg, the concentrations of carbonate and bicarbonate as well 
as hydrogen ions are subject to the variations shown in figure 1, and it is by 
no means certain that these three factors are without influence on photosyn- 
thesis. Recent work of Arens (1, 2, 3) shows that some water plants may 
absorb both carbonate and bicarbonate ions, and he makes it appear likely 
that carbon dioxide absorbed in these forms can be used for assimilation. 
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The concentration of free carbon dioxide in the carbonate mixtures can 
be varied by making the various mixtures more or less concentrated, as well 
as by mixing different proportions of a given concentration of carbonate and 
bicarbonate. For a particular mixture, the pH does not vary much with the 
concentration, while the free carbon dioxide is roughly proportional to it. 
Some independent control of the several factors is possible in this way, but 
the available range is small because the more dilute mixtures have insufficient 
buffering capacity to permit accurate measurements of assimilation, and the 
more concentrated mixtures are unphysiological. Measurements conducted 
in two series of mixtures of M/10 and M/20 concentration show that for a 
given calculated concentration of free carbon dioxide, the rate of photosyn- 
thesis is always higher in the more dilute mixture. This suggests that other 
factors besides the concentration of free carbon dioxide determine the rate 
of photosynthesis in the carbonate mixtures. Values published by various 
authors for the constants required to calculate the concentration of free 
carbon dioxide do not agree well, and it is possible that our calculated con- 
centrations are not quite correct, but they are probably correct relative to one 
another, so it is hardly possible that errors in the constants used are respon- 
sible for our results. Differences in the ionic strength or osmotic pressure 
of the mixtures are also unlikely to be directly responsible because Chlorella 
photosynthesis is indifferent to these factors over a wide range. The other 
variables are the concentrations of carbonate, bicarbonate, and hydrogen ions. 
Since the concentration of the latter establishes the relative concentrations 
of carbonate and bicarbonate ions as well as of free carbon dioxide, the 
importance of studying the influence of pH on photosynthesis is evident. 

Although conditions in the carbonate mixtures are of special interest, 
they do not offer a good starting point for this investigation because of the 
close interdependence of all the variables under consideration. Greater 
freedom of control of variables is achieved by working on the acid side of 
pH 8, in phosphate instead of carbonate buffers. It becomes possible to 
establish the concentration of free carbon dioxide by saturation with a fixed 
partial pressure of carbon dioxide, and the bicarbonate concentration alone 
will vary with the pH. The carbonate ions become negligible on the acid 
side of pH 8. It is safe to assume that the concentrations of the two phos- 
phate ions,, by means of which the pH is controlled, are without effect on the 
rate of photosynthesis over the range in our experiments. 

By going from carbonate to phosphate buffers we have achieved a certain 
simplification, but we have also added an important limitation, and turned 
away from our original problem. The limitation concerns the available 
range of carbon dioxide partial pressures at which we can study photosyn- 
thesis by the usual manometrie technique. The most important feature of 
the carbonate mixtures is that they maintain low partial pressures of carbon 
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dioxide nearly constant even while considerable amounts are used for photo- 
synthesis. It is thus possible to follow the rate of photosynthesis for long 
periods at carbon dioxide partial pressures far below that of ordinary air. 
But if acid phosphate at pH 4.6 is saturated with ordinary air, it will not 
contain enough carbon dioxide to make a single rate measurement. A quan- 
tity of cells sufficient to give satisfactory manometer readings will consume 
all the carbon dioxide in the first few moments of illumination. Therefore in 
experiments using phosphate buffers, we are limited to concentrations of 
carbon dioxide so large that the amount withdrawn by the assimilating cells 
makes no significant change in the total concentration. The lowest prac- 
ticable carbon dioxide concentration is 0.5 per cent. The upper limit is about 
5 per cent., because higher concentrations begin to have a narcotic effect on 
assimilation. But from 5 to 0.5 per cent, the rate of photosynthesis is inde- 
pendent of carbon dioxide partial pressure, while our original interest was 
in the range of limiting carbon dioxide concentrations. Several years ’ efforts 
have convinced us that new methods are required to investigate the influence 
of hydrogen-ion concentration over this range, and our attempts along these 
lines have not been entirely successful. We believe, however, that the 
simpler conditions prevailing in the phosphate buffers are of sufficient in- 
terest to justify presentation of our results, and that an understanding of 
the behavior of photosynthesis under these conditions should precede the 
investigation of the more complex relationships beyond pH 8. 

Investigation 

Photosynthesis was measured manometrically in the usual way, with 
Chlorella vulgaris or C. pyrenoidosa cells suspended in M/25 potassium phos- 
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phate buffers. The compositions of the four mixtures used are shown in the 
two top rows of table I. The next two rows show the pH of each mixture 
before saturation with carbon dioxide in air, both calculated and determined 
eolorimetrieally with indicators. -The fifth and seventh horizontal rows show 
the pH (determined eolorimetrieally) when the mixtures were saturated with 
0.5 and 5 per cent, carbon dioxide in air. 

The rate of photosynthesis was computed from the pressure change on 
the manometers, which were read at 5-minute intervals. In the potassium 
dihydrogen phosphate solution at pH 4.6, the bicarbonate concentration is 
negligible (fig. 1) and the calculation of the gas exchange is made in the ordi- 
nary way (Warburg 18, p. 104, equation 6) from the gas and fluid volumes, 
the temperature, and the solubility of the exchanged gases in water. In the 
buffers containing dipotassium hydrogen phosphate, the dissociation of car- 
bonic acid becomes appreciable, and the resulting bicarbonate ions alter the 
behavior of the solution. When carbon dioxide is used for photosynthesis, 
part is supplied by decomposition of the bicarbonate. The result is that a 
given fall in carbon dioxide pressure represents a larger consumption of 
carbon dioxide than if no bicarbonate were present, and another constant 
must be added to the expression for calculating gas exchange. Warburg 
has called this the chemical ‘‘retention 5 ’ for carbonic acid, and developed 
three methods for measuring retention in blood serum which are directly 
applicable to our phosphate buffers when these are saturated with 5 per cent, 
carbon dioxide in air (18, p. 208-212). The last three rows of table I show 


retentions, 


Au 

Ap 


in Warburg's 


notation, for our mixtures by the three dif- 


ferent methods. 


Warburg has also shown (18, footnote p. 207) how the retention in phos- 
phate can be calculated from the dissociation constants of carbonic and phos- 
phoric acids. While direct measurement is to be preferred whenever pos- 
sible, the calculated retentions are given for comparison (row 8, table I), 
directly above the experimental retentions. For each pH the retentions 
obtained in the different ways agree well with one another. 

When the phosphate buffers are saturated with 0.5 instead of 5 per cent, 
carbon dioxide the bicarbonate concentrations become too low for satisfactory 
application of the methods for measuring retention, so for the lower partial 
pressure of carbon dioxide table I shows only calculated retentions (row 6). 
The agreement between the calculated and experimental retentions for the 
higher partial pressure is sufficient to give confidence in the method of cal- 
culation. 


For calculating retentions, as well as for calculating the concentrations 
of bicarbonate ions in the phosphate solutions, pK' x and pK' 2 for carbonic 
acid were assigned values of 6.25 and 10 respectively, at 20° O. For ealeu- 
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lating carbon dioxide concentrations in the carbonate mixtures, the value of 
pK' x was changed to 6.22, while the value of 10 for pK' 2 was retained. To 
select from the literature the best limiting values for the constants, and to 
apply the appropriate corrections for ionic strength, has entailed a number 
of choices which may seem arbitrary. While we would like to support our 
choices by a discussion of the literature, this is unnecessary for the purposes 
of the present paper and is reserved until a later date. For the present it is 
sufficient to explain that the value of pK' x was obtained by correcting Shed- 
lovsky’s and MacInnes’ (16) figure of 6.39 for pK ly for ionic strength 
according to an equation used by Hastings and Sendroy (6). Our value of 
pK' a was obtained directly from Welder’s (21) determinations. 

Under the simple conditions of our experiments, it is safe to assume the 
photosynthetic quotient (y in Warburg’s equation 6, referred to above) of 
Chlorella is unity. It is therefore possible to check the retention figures by 
using Warburg’s differential method (18, pp. 104-108) for the photosyn- 
thesis measurements. Each determination is made in duplicate, in two 
vessels of approximately equal volume, containing equal quantities of cells, 
but unequal volumes of fluid. If the retentions are correct, the computed 
gas exchange in each pair should agree. 

Table II shows the rates of photosynthesis of G. pyrenoidosa in 5 per 
cent, carbon dioxide from pH 4.6 to 7. The concentrations of hydrogen and 
bicarbonate ions are shown in the second and third horizontal rows. The 
rates of photosynthesis for two different experiments (a and b) are shown 

TABLE II 

Rates of photosynthesis, in cubic millimeters of oxygen per hour per cubic 

MILLIMETER OF CELLS, CORRECTED FOR RESPIRATION, AT 20° C., FOR Chlorella pijrenoidOSa 
CELLS SUSPENDED IN VARIOUS PHOSPHATE MIXTURES SATURATED ‘WITH 5 PER CENT. CARBON 
DIOXIDE IN AIR. CONCENTRATION OF DISSOLVED FREE CARBON DIOXIDE IS 2 MILLIMOLES PER 
LITER. ROW (a) GIVES RATES FOR AN OLD CULTURE,* ROW (b) FOR A FRESH CULTURE 


pH 

4.6 

5.9 

6.6 

7.0 

[H + ], moles per liter x 10 7 

250 

12 

.6 

2.5 

1.0 

[HCOy], moles per liter x 10 5 

5 

100 

500 

1200 

Volume of suspension, ml 

7 

7 

■ 

3 

7 

3 

7 

3 

Rates of photosynthesis j ^ 

12.4 

28.6 

12.4 

27.4 

11.6 

27.5 

12.7 

28.7 

12.8 

29.0 

12.4 

28.6 

13.1 

29.7 


in the two bottom rows. Except for the determinations at pH 4.6, all rates 
were measured in duplicate with two different fluid volumes (row 4, table 
II). The good agreement between the duplicate determinations shows that 
the retention figures are fairly accurate. In spite of the wide range of con- 
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centrations of bicarbonate and hydrogen ions covered in this experiment, 
the rate of photosynthesis remains remarkably constant. The small varia- 
tions are random and of no significance. 

To cover a somewhat wider range of pH, a carbonate buffer of pH 8.9 
was added to the phosphate series. The computed concentration of free 
carbon dioxide in this mixture corresponds to a partial pressure of about 
0.5 per cent, carbon dioxide in air, so to maintain the concentration com- 
parable throughout the series, the phosphate buffers were saturated with 
this gas mixture. The exact composition of the gas mixture is of no impor- 
tance because although in the neighborhood of pH 8.5 the rate of photosyn- 
thesis varies a little with the composition of the carbonate mixture, we shall 
show that in phosphate it is constant over the range off carbon dioxide 
partial pressures covered in these experiments (see fig. 2 and accompanying 
discussion) . 

Table III shows rates of photosynthesis for two experiments covering the 
range of pH 4.6 to 8.9, one for C. pyrenoidosa, the other for C. vulgaris . It 
will be recalled that for 0.5 per cent, carbon dioxide the retentions were com- 
puted, and not measured experimentally as for table II. The agreement 
between duplicate determinations nevertheless remains satisfactory. Al- 
though the rates of photosynthesis are a little scattered, they show no 
tendency to vary consistently with the concentration of hydrogen, bicar- 
bonate, or carbonate ions. There is therefore no indication that any one of 
these factors plays a part in determining the rate of photosynthesis, at least 
down to 0.5 per cent, carbon dioxide. 

During the measurements of photosynthesis in phosphate saturated with 
0.5 per cent, carbon dioxide, the latter was used up so rapidly that its con- 
centration must have undergone considerable change even in the course of 
the brief rate determinations (10 or 15 minutes). It was stated above that 
in these experiments the exact concentration was of no importance. This 
was established by using a technique developed by Warburg and Kubowitz 
(19) for the study of respiration at low partial pressures of oxygen. They 
admitted a small amount of oxygen to a vessel containing a suspension of 
respiring cells, and followed the disappearance of oxygen on a differential 
manometer from minute to minute until it was gone. They could then com- 
pute the concentration of the oxygen remaining at any given time, and the 
corresponding rate of respiration. Adapting the technique to photosyn- 
thesis, we passed known amounts of carbon dioxide into a vessel containing 
a suspension of Ghlorella cells. A saturating light intensity was used for 
these experiments, so that, at the higher carbon dioxide concentrations, the 
only external factor limiting photosynthesis was temperature. The rates of 
photosynthesis were calculated for various carbon dioxide concentrations in 
the same way that Warburg and Kubowitz (19) calculated respiration. For 
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C. pyrenoidosa cells suspended in M/25 phosphate at pH 4.6, the rate of 
photosynthesis is plotted against carbon dioxide concentration in figure 2, Its 
perfect constancy over almost the entire range of carbon dioxide concentra- 
tions is remarkable, especially when contrasted with the corresponding plot of 
measurements made in carbonate mixtures (c/. Warburg, 17, p. 254, fig. 10; 
Emerson and Arnold, 5, p. 409, fig. 10) . In these cases the upper part of the 



Carbon. Dioxide Concentration 
moles per liter x 10* 

Fig. 2. Rate of photosynthesis in M/25 phosphate at 25° C. in cubic millimeters of 
oxygen per hour per cubic millimeter of cells, as a function of carbon dioxide concentration 
in the suspending fluid in moles per liter x 10 6 . Auxiliary scale on upper side of axis of 
abscissae shows the partial pressures of carbon dioxide in equilibrium with the correspond- 
ing concentrations. The differential manometer method described in the text was used 
to obtain this curve. 

curve is never quite horizontal. Figure 2, although made with the same spe- 
cies of Chlorella as Warburg's, more closely resembles van den Honert's 
curve for Hormidmm (8, p. 1017, fig. 3). Our curve shows photosynthesis re- 
maining constant even down to a slightly low r er partial pressure than in his ex- 
periment. There can be no doubt that in this particular case the difference 
between Warburg's results and van den Honert's is due not to physiolog- 
ical differences between the organisms used, but to differences in the meth- 
ods. Van den Honert's cells never came in contact with carbonate mix- 
tures, and the conditions for his experiment were comparable with those for 
figure 2. The difference between Warburg's carbon dioxide curve and our 
figure 2 supports the conclusion drawn earlier in this paper, from the experi- 
ments in carbonate mixtures at different concentrations, that other factors 
besides the concentration of free carbon dioxide determine the rate of photo- 
synthesis in the carbonate mixtures. These mixtures do not give us a true 
picture of the influence of carbon dioxide concentration on photosynthesis. 

The curve in figure 2 is taken from one of many attempts to measure 
photosynthesis in phosphate at limiting concentrations of carbon dioxide. 
While there is no doubt concerning the horizontal portion, which continues 
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straight to 5 per cent, carbon dioxide, ten times the range of concentration 
shown in the figure, the shape of the descending limb is uncertain because of 
limitations inherent in the method. It would probably be satisfactory if 
photosynthesis could be studied from the exchange of carbon dioxide alone, 
just as Warburg and Kubowitz studied respiration from the exchange of 
oxygen alone. They achieved this by using alkali to absorb the carbon 
dioxide produced. In our photosynthesis experiments we have tried to use 
yellow phosphorus to absorb the oxygen produced, in order to measure 
photosynthesis from changes in carbon dioxide pressure. We were able to 
confirm the general belief that anaerobiosis in the dark does not interfere 
with the immediate start of photosynthesis when the light is turned on, but 
found that continued illumination in the presence of yellow phosphorus pro- 
duced a slowly declining rate of photosynthesis. It is possible that the pres- 
ence of phosphorus rather than the absence of oxygen was responsible for 
the injury, although one would be inclined to doubt this because the expo- 
sure of cells to the presence of yellow phosphorus in the dark for many 
hours is quite without effect on subsequent photosynthesis. In any ease w r e 
were unable to obtain constant rates of photosynthesis at constant carbon 
dioxide concentrations if yellow phosphorus was present, and were therefore 
obliged to work under aerobic conditions. For experiments under aerobic 
conditions it is necessary to calculate the gas exchange from the combined 
change in pressure of both oxygen and carbon dioxide, assuming that they 
are exchanged in equal amounts. This is certainly a close approximation to 
the truth, and is entirely satisfactory for determinations made with ordinary 
open manometers. It is also satisfactory for the differential manometer ex- 
periments over the range covered by the horizontal portion of the curve in 
figure 2. But the vessel constant for the differential manometer is more sensi- 
tive to changes in the ratio of exchange of oxygen and carbon dioxide because 
for these experiments the fluid volume must be much smaller in proportion to 
the gas volume than for the ordinary manometer experiments, in order to keep 
the diffusion resistance as small as possible. This becomes important when the 
rate of photosynthesis begins to decline -with declining carbon dioxide concen- 
tration because, although the photosynthetic quotient may remain perfectly 
constant until the last trace of carbon dioxide is gone, there are evidently other 
physiological processes which lead to the evolution of small amounts of 
oxygen in the light, and they may greatly alter the ratio of exchange of 
carbon dioxide and oxygen as the carbon dioxide Concentration and photo- 
synthesis approach zero. The actual amount of oxygen produced in these 
accessory processes is small, but sufficient to introduce considerable uncer- 
tainty into the points on the descending portion, of the curve in figure 2. 
The chief disturbing process is nitrate reduction (c/. Warburg and Nege- 
lein, 20), which may continue to produce oxygen long after the last traces 
of carbon dioxide are gone and photosynthesis has ceased. Sometimes this 
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happens even with cells previously starved for nitrate for many hours, and 
at other times the process seems to he wholly in abeyance. "We are never 
certain that it has not disturbed the apparent course of photosynthesis some- 
what, even when the pressure change appears to cease with the disappear- 
ance of the last traces of carbon dioxide. Our differential manometer ex- 
periments will tell us down to what partial pressure photosynthesis remains 
constant, but they fail to show exactly how the rate changes when it becomes 
limited by carbon dioxide concentration. 

Summary and conclusions 

For the present, then, our investigation of the influence of the hydrogen- 
ion concentration on photosynthesis stops at the upper range of carbon 
dioxide concentrations obtainable in carbonate mixtures, and leaves un- 
touched the more interesting range of limiting concentrations. At saturating 
concentrations of carbon dioxide, neither the hydrogen- nor bicarbonate-ion 
concentration influences the rate of photosynthesis from pH 4.6 to 8.9. This 
pH range represents a change in concentration of nearly twenty thousand 
fold, in both cases. Nevertheless, there is good evidence that in the car- 
bonate mixtures, where the carbon dioxide concentration is lower and the 
pH greater, other factors besides the concentration of free carbon dioxide 
play a part in controlling the rate of photosynthesis. In all probability 
these factors are the concentrations of bicarbonate and carbonate ions. This 
opinion is supported by our finding that the rate of photosynthesis in phos- 
phate is remarkably constant from 5 per cent, atmospheric carbon dioxide 
down to less than 0.05 per cent., while over the same range of concentrations 
in carbonate mixtures, the rate is known to decline somewhat with declining 
carbon dioxide concentration. 

We cannot say how great a change in internal pH is brought about by 
changing the external pH from 4.6 to 8.9. That there is some change in 
internal pH is indicated by the behavior of respiration, which seems to be 
about 30 per cent, higher at 4.6 than at 7 or 8.9. If we could establish the 
range of pH at the chloroplast over which photosynthesis is constant, it 
would help in forming opinions concerning the merits of proposed mecha- 
nisms of photosynthesis. 

California Institute of Technology 
Pasadena, California 
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SOIL MOISTURE AS AN INDICATION OF ROOT DISTRIBUTION 
IN DECIDUOUS ORCHARDS 

F. J . Veihmeyer and A. H . Hendrickson 
(WITH THREE FIGURES) 

Introduction 

The study of soil-moisture conditions in an orchard involves, among 
other things, two perplexing problems that the investigator should clearly 
understand before the routine work of securing the soil samples is started. 
One of these is : * ‘ What constitutes an adequate sample as regards depth ? ’ 7 
And the other: “Where, in the plot, shall the samples be taken?” No two 
sets of conditions are identical, and the method of sampling used in one case 
may not give satisfactory results when used in another. It is possible, how r - 
ever, to secure satisfactory results in orchards of mature deciduous trees, 
provided the soil throughout the area sampled is reasonably uniform in 
texture, and is of such a nature that it is easily penetrated by roots. Some 
root stocks, such as the Japanese pear, do not seem to spread through the 
soil uniformly, and sometimes do not give satisfactory results even when 
planted on a homogeneous soil. 

The experiments reported in this paper give the results of systematic 
samplings in 13-year-old peach, prune, and walnut orchards growing on a 
Yolo loam soil at Davis, California. The data show where, with respect to 
the trunk of the tree, the samples should be taken, and the depth of sam- 
pling necessary to secure an adequate record of the use of water by the tree. 
Inasmuch as the loss of moisture from the soil, below 7 the depth that dries 
because of surface evaporation, is due, almost entirely, to use of water by 
the tree, the drying of the soil during the growing season may be used as an 
indication of the spread and depth of the root system. Data are also given 
from a 45-year-old pear orchard where the soil-moisture record plainly 
indicated the lack of uniform distribution of roots. 

Plan of the experiment 

During the 1935 season, soil samples were taken in one-foot increments 
to a depth of 6 feet at monthly intervals in one of the unirrigated plots of 
the experimental walnut orchard. Four sets of samples of 4 cores each were 
secured on each sampling date : the first at 8 feet from the trunk of the tree ; 
the second at 12 feet ; the third at 16 feet ; and the fourth at 20 feet. The 
first samples were taken on April 24, and the last on October 29, 1935. As 
the trees were 48 feet apart, the sampling extended almost to the mid-point 
between the trees. At the time the samples were taken, there was a space of 
about 10 feet between the ends of branches of adjacent trees. The samples 
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were placed in tared sheet-metal cans fitted with tight covers, weighed, and 
then dried in the usual way at 110° C. for forty-eight hours. 

In 1936 samples were taken at frequent intervals in another one of the 
unirrigated plots that entered the growing season with the soil wet to a 
depth of 12 feet. These samples were taken at three places in each plot, in 
one-foot increments to a depth of 9 feet, and in a 3-foot increment from 9 to 
12 feet. They were taken between 8 and 12 feet from the trunk, the suc- 
cessive points of sampling being moved around the tree in a clockwise 
direction. 

The work of the 1936 season also included an experiment similar to the 
one carried out in 1935, but was conducted on one of the irrigated plots. 
The samples were taken in one-foot increments to a depth of 6 feet, at 4, 8, 
12, 16, 20, and 24-foot distances from the trunk of the tree. Only two sets 
of samples were obtained, one on June 12 while there w T as still readily avail- 
able moisture remaining from the winter rains, and the second on October 
20, while there was still available moisture from the second irrigation. This 
plot was irrigated on June 15, and again on August 6. 

Similar experiments were carried on with peach and prune trees in irri- 
gated plots. Inasmuch as peach and prune trees were planted 24 feet apart, 
the samples were taken in one-foot increments at 3-, 6-, 9-, and 12-foot spaces 
from the trunk, and consisted of 4 cores each, taken 90 degrees apart. 

Experimental results 

The results obtained in 1935 with walnuts are shown graphically in 
figure 1. The moisture contents of all samples obtained on April 24 at the 
beginning of the experiment were approximately at field capacity. The per- 
centage of soil moisture in the top foot decreased uniformly during the first 
part of the growing season at all sampling distances from the tree. The 
curves for the individual samples flattened shortly before July 26, and 
showed a slight loss of moisture in the soil at this depth during August. The 
slight increase in moisture content late in the season was caused by rain 
which fell during October and which was held in the top foot. 

The second foot likewise showed a fairly uniform decrease in soil mois- 
ture until about July 26, after which little, if any, extraction occurred, indi- 
cating that the permanent wilting percentage was reached. The results 
obtained in the third foot were essentially similar to those from the second. 
The individual samples, however, did not agree as closely as in the second 
foot, owing, probably to a slight variability in the texture of the soil found 
at this depth. 

The moisture content of the fourth foot was also reduced fairly uni- 
formly at the different sampling distances until July 26. Thereafter, the 
curves were close together and showed practically no extraction. In the 
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fifth and sixth feet the extraction of moisture seemed to he slightly more 
irregular than in the top four feet. At these depths the curves flattened out 
on August 27, after which extraction of moisture was very slow. It would 
seem that the readily available soil moisture was not exhausted in the fifth 
and sixth feet until about a month after it was in the top four feet. 

It is interesting to note the comparatively small variation in the results 
whether the samples were taken 8, 12, 16, or 20 feet from the tree, which indi- 
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Fig. 1. Moisture conditions in upper six feet of soil in a walnut orchard, Davis, 
California, in 1935. 


cates a fairly complete distribution of roots. The curves obtained from these 
experiments illustrate the fact that the readily available water at a given 
depth was extracted about as rapidly near the tree as it was farther away. 
In other words, the permanent wilting percentage at 20 feet from the trunk 
of the tree was reached as soon as it was at 8 feet. Furthermore, the per- 
manent wilting percentage was reached in the top four feet about July 26, 
and about a month later in the fifth and sixth feet. 

The results obtained by sampling a walnut orchard at specific distances 
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from the trunk of the tree in 1936 are given in table I. Each value is the 
mean of 4 samples taken 90 degrees apart. This plot, which was irrigated 
twice during the growing season, was sampled on June 12, and again on 
October 20. Close agreement was obtained at specific depths, regardless of 
the distance from the tree. 

TABLE I 

Average percentage op soil moisture in a walnut orchard at different 
DEPTHS AND DISTANCES FROM THE TREE, 1936 


Distance 

Depth of sample in feet 

FROM TREE 

0 to 1 

1 to 2 

2 to 3 

3 to 4 

4 to 5 

5 to 6 


Date of sample June 12 

4 feet 

15.3 

17.1 

15.1 

18.3 

22.0 

22.4 ' 

8 feet 

14.8 

16.4 

14.6 

18.6 

21.4 

22.9 

12 feet 

14.6 

17.5 

14.3 

17.5 

20.6 

24.3 

16 feet 

13.7 

16.3 

15.6 

17.6 

20.7 

23.5 

20 feet 

13.7 

15.7 

15.1 

15.4 

19.0 

23.8 

24 feet. 

14.0 

15.7 

15.5 

15.6 

17.7 

23.1 

Av. 

14.3 + 0.2 

16.4 + 0.2 

15.0 + 0.3 

17.2 + 0.3 

20.2 + 0.4 

23.3 + 0.5 


Date of sample October 20 

4 feet 

12.9 

14.8 

13.2 

14.8 

14.8 

14.1 

8 feet 

13.4 

14.5 

13.6 

14.3 

15.1 

14.4 

12 feet 

12.8 

14.9 

13.9 

13.7 

15.0 

14.9 

16 feet 

11.7 

15.1 

13.8 

13.5 

15.9 

15.9 

20 feet 

11.8 

14.1 

14.2 

13.9 

14.8 

15.2 

24 feet 

10.9 

14.2 

14.1 

13.4 

14.8 

13.5 

Av. 

12.2 + 0.2 

14.6 + 0.2 

13.8 ±0.2 

14.0 ± 0.2 

15.1 + 0.3 

14.7 ± 0.4 


The samples in this plot were taken in each case before the permanent 
wilting percentage was reached. If the samples were not taken until several 
days or weeks after the permanent wilting percentage was reached, the 
results would probably be in agreement, inasmuch as the roots would have 
had ample time in which to use up the available supply; but in this case the 
agreement was close even though the samples were taken before the perma- 
nent wilting percentage was reached. Furthermore, the results obtained 
show the uniform use of water at varying distances from the trunk following 
the wetting of the soil by the even application of water in basins, as well as 
following the wetting of the soil by the winter , rain. Where water is ap- 
plied in furrows, the irregular distribution of moisture that often results, 
causes difficulty in interpreting the results secured by soil sampling. 

The results obtained in 1936 by frequent sampling to a depth of twelve 
feet are shown in figure 2. The results obtained with this experiment agree 
essentially with those obtained in 1935 except that, inasmuch as the work 
was carried on in another unirrigated plot approximately 500 feet distant 
from the one used in 1935, the permanent wilting percentages are not the 
same in each plot. The extraction of moisture in the top foot was fairly 
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rapid in the early part of the season, but was slower during the latter part 
of May, and in June, because of light showers and an unusual number of 
cloudy days. Later in the season the moisture percentage (the sample con- 
tained the air-dried, surface soil) was reduced to about 7.5 per cent. The 
extraction of moisture from the second- and third-foot depths was similar to 
that from the first foot, the soil moisture being reduced to about the perma- 
nent wilting percentage July 15. The soil-moisture reduction in the fourth, 
fifth, and sixth feet was fairly rapid from the first sampling on April 17 to 
July 15, when the rate of extraction was materially decreased. After this 
date the extraction of water was slow. In other words the moisture at this 
depth was reduced to about the permanent wilting percentage on July 15. 

In the seventh-, eighth-, and ninth-foot levels the extraction seemed to be 
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Fig. 2. Soil-moisture conditions in walnut orchard, Davis, California, in 1936. 


slightly slower than it did in the top 6 feet of soil. Furthermore, the curves 
are somewhat more irregular because of variability in the soil. The down- 
ward trend of the curves, however, indicates the presence of a fairly dense 
root population. The permanent wilting percentage was reached August 19 
which was about a month after it w T as reached in the top 6 feet. 

The extraction curve for the soil between the 9- and 12-foot levels is 
somewhat irregular because of the frequency with which coarse textured 
material w T as encountered. Nevertheless, it shows that the soil moisture at 
this depth was reduced from 20.5 per cent, in the middle of April to about 
10 per cent, by the middle of September. The reduced rate of extraction 
after September 14, even though temperatures were high, shows that the 
permanent wilting percentage w r as reached on that date. 
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The results obtained in the peach and prune orchards by sampling in 
one-foot increments 3, 6, 9 and 12 feet from the tree are given in table II. 

TABLE II 

Average percentage of soil moisture at different depths and distances 
FROM THE TREE, JULY 18, 1936 


Distance 

Depth of sample in feet 

FROM TREE 

0 to 1 

1 to 2 

2 to 3 

3 to 4 

4 to 5 

5 to 6 


Peaches 

3 feet ...... 

10.0 

11.5 

10.8 

11.2 

11.7 

12.6 

6 feet 

10.8 

12.3 

11.3 

11.6 

10.7 

31.9 

9 feet ...... 

10.0 

11.6 

11.2 

11.3 

11.5 

11.6 

12 feet 

13.6 

12.3 

10.8 

9.8 

10.7 

11.6 

Av. 

11.1 + 0.1 

11.9 + .01 

11.0 + 0.1 

11.0 + 0.3 

11.2 + 0.2 

11.9 + 0.2 


Prunes 

3 feet 

10.2 

12.7 

11.3 

10.2 

10.8 

11.3 

6 feet 

11.0 

12.2 

10.6 

11.1 

11.0 

10.9 

9 feet 

10.0 

11.9 

11.1 

10.5 

10.7 

10.5 

12 feet 

9.2- 

11.8 

11.4 

10.6 

10.6 

10.2 

Av. 

10.1 + 0.2 

12.1 + 0.1 

11.1 + 0.1 

10.6 + 0.2 

10.8 + 0.1 

10.7 + 0.1 


The percentages given in the table are the averages of four samples taken 
from the north, east, south, and west sides of the tree at the distances and 
depths indicated. The agreement obtained in most eases was very close, as 
indicated by the small probable errors, and substantiate those from the 
walnut orchard. These results show what reasonably may be expected when 
soil-moisture studies are conducted with trees having adequate root distribu- 
tion and growing on a fairly uniform soil. 

On the other hand, while studying the water relations of pear trees in 
the central coast region of California, the results obtained by soil sampling 
in an unirrigated plot showed irregularities of considerable magnitude. The 
trees were on French pear root stocks and were about 45 years old at the 
time of the experiment. They were planted 20 feet apart on the square sys- 
tem. We assumed that, after 45 years, the soil under the trees was thor- 
oughly permeated by roots at least to the depth ordinarily reached by this 
species. The soil, which was a Yolo loam, seemed to be uniform to a depth 
of 6 feet when the preliminary examination was made with the aid of a large 
post hole auger. As the season progressed, it was evident from the soil-mois- 
ture record obtained that either the roots were not uniformly distributed 
throughout the soil mass, or that layers of soil of different moisture holding 
properties occurred at varying depths. Careful examination of the samples 
secured with a soil tube showed considerable differences in texture at speci- 
fied depths even when taken close to one another. 

At the end of the 1934 season a trench, 6 feet deep, was dug about 4 feet 
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from one of the trees in the dry plot. It was then discovered that at a short 
distance below the cultivated layer there were distinct layers of soil differing 
rather widely in texture. In some of these layers there was an abundance 
of roots of different sizes, while in others, there was a scarcity. 

A 12-inch square was laid off on the face of the newly dug trench ap- 
proximately 2$ feet below the surface, directly in line with the trunk of the 
tree, and 36 samples, equidistant from each other, were taken within the 
12-inch square by means of a short soil tube. The moisture record was ob- 
tained by drying and weighing in the usual manner. The results, expressed 
as percentages of moisture on the oven dry weight of soil, are given in figure 
3. Examination of the results shows the variation in soil moisture that 
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Fig. 3. Percentages of soil moisture within a 12-inch square on the face of a trench 
four feet from the trunk of a pear tree, in the central coast region of California. The 
samples were taken at the end of the growing season, the top row being 2^ feet below 
the surface. 

occurred in samples taken a short distance from each other. In one case, a 
variation in moisture content of 12.5 per cent, occurred with a vertical dis- 
tance of 2 inches. In general, it will be seen that the moisture contents as 
shown by the 12 samples taken from the bottom 4 inches on the face of the 
square with but few exceptions are considerably higher than those taken 
from the top 6 inches. The six samples taken 8 inches below the top edge of 
the square, in general, are intermediate between the groups just described. 
In many cases apparent irregularities in moisture contents may be caused 
solely by differences in soil texture. In such cases the irregularities may be 
reduced or eliminated by expressing the moisture content as relative wetness 
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(ratio between moisture content and moisture equivalent). In this case, 
plotting the results given in figure 3 on a basis of relative wetness, did not 
eliminate the variability. The soil under the trees was not of the same 
degree of wetness even at the end of the growing season. Since this variabil- 
ity was not caused by the texture of the soil, nor by uneven distribution of 
moisture because the plot received only rainfall, it follows that it was caused 
by the irregular distribution of roots. It is evident from these data that, 
although the orchard where these experiments were started was healthy and 
vigorous, and has been commercially profitable for many years, it was not 
suitable for experiments that require an accurate interpretation of the soil- 
moisture conditions existing during the growing season. The presence of 
layers of different kinds of soil beneath the surface, which prevented the 
uniform distribution of roots, was obscured by the method of securing the 
preliminary samples. These were obtained with a post hole auger that 
tended to pulverize and mix the different layers so that the samples secured 
appeared fairly homogeneous. 

Discussion and summary 

The data presented in this paper show the probable distribution of roots 
of certain deciduous fruit trees when grown on a reasonably uniform soil. 
The permanent wilting percentage was reached in a certain depth of soil 
close to the tree as soon as it was midway between adjacent trees. "We have 
found a few cases, however, in which, because of the kind of root stock or 
the kind of soil, root distribution was uneven. In these exceptional cases, 
difficulty was encountered in interpreting the soil-moisture record. Under 
conditions of soil and root distribution similar to those in this series of 
experiments, reliance can be placed on a system of soil sampling during the 
growing season for the planning of a rational irrigation schedule. 

Our experience has been that, if a system of soil sampling is to be used 
in accurately interpreting the plant-soil-moisture relationships during the 
growing season, the soil upon which the orchard is growing must be fairly 
uniform. If the soil is variable or if there is an uneven distribution of roots, 
irregularities in soil moisture of considerable magnitude are frequently 
found in successive samples. Relative wetness will not aid in interpreting 
results when root distribution is not uniform. However, when the irregu- 
larities in the soil-moisture record are caused by differences in soil texture, 
they may often be eliminated by using the relative witness. Under condi- 
tions where the irregularities are caused by root distribution, it is better to 
plan future irrigations on the basis of observations either of the tree itself 
or of indicator plants growing in the orchard. The chief difficulty in using 
the response of deciduous trees or indicator plants is the suddenness with 
which wilting occurs. Ordinarily, the first signs of wilting, as indicated by 
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a drooping of the leaves, decreased rate of growth of fruit, or other plant 
responses, occur only a few days before the readily available water is ex- 
hausted. If the grower waits for the plants or trees to show visible signs of 
wilting before preparing for irrigation, the last trees to be irrigated, espe- 
cially if the area to be watered is large and the irrigating stream is small, 
sometimes suffer from the lack of water. Regular soil sampling generally 
gives the grower a much longer period in which to prepare for irrigation, 
because he can predict with a reasonable degree of accuracy when irrigation 
will be necessary. 

The fact that soil samples taken at any place within the experimental 
plots in mature peach, prune, and walnut orchards, which have had an even 
application of w r ater, agree at comparable depths, shows that these trees, 
under the conditions existing at Davis, have a uniform distribution of roots. 
Samples taken at any position between the trees may be used to interpret 
the soil-moisture conditions. 

The University of California 
Davis, California 




EFFECT OF SOIL MOISTURE ON THE RATE OF GROWTH OF 
LONGLEAF AND SLASH PINE SEEDLINGS 


L . J . Pes.sin 
(with one figure) 

Introduction 

Longleaf pine ( Finns palustris Miller) and slash pine (P. caribaea More- 
let) are widely distributed in the Gulf Coastal Plain. Mohr (12) observed 
as early as 1896 that under natural conditions longleaf pine thrives on well- 
drained, sandy soils and that slash pine grows best on moist lands; also, 
Mattoon (11) found that slash pine is confined mainly to poorly drained 
lands and borders of swamps and rivers. Similarly Pessin (13) found that 
longleaf pine inhabits both dry soils and moist soils but occurs most abun- 
dantly on well-drained soils, while slash pine grows principally in moist 
situations. In plantations, however, slash pine apparently grows as vigor- 
ously on the well-drained longleaf -pine lands as on moist soils, and young 
stands of slash pine under natural conditions sometimes establish themselves 
on well-drained soils some distance away from their parent trees. These new 
situations are quite different from those where the parent trees grow. This 
ability of the slash pine to grow on typical longleaf -pine sites suggests that 
both of these species may have similar moisture requirements, and that the 
restricted distribution of slash pine under natural conditions may be due not 
entirely to moisture conditions but also to other factors. A clear understand- 
ing of the moisture requirement of these species of pine is particularly essen- 
tial for nursery practice, where the ultimate aim is the development of high- 
grade seedlings to insure high survival and good growth. Such a' study as 
this should also throw light on the choice of suitable sites to plant to each of 
the species in the large planting program in the South, particularly in Louisi- 
ana, Mississippi, and Texas. 

This study was undertaken to determine (1) the condition of soil moisture 
conducive to the best development of longleaf and slash pine seedlings; (2) 
the maximum and minimum amounts of soil moisture that each of these 
species can endure; and (3) the amount of dry matter produced by each 
species under different conditions of soil moisture. This last phase of the 
problem is essentially a study of the water requirement of these species of 
pines. By water requirement is meant the ratio of the total amount of water 
absorbed by the plant during a period of time to the amount of dry matter 
produced by the plant during that time. The water requirement of a plant 
is, therefore, a measure of the efficiency with which the water is used. This 

efficiency can be expressed by the formula = W, where L indicates the total 
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weight of water lost from the plant through transpiration and evaporation ; 
D, the total weight of the dry matter produced by the plant during the same 
period of time ; and W, the number of units of water absorbed to produce one 
unit of dry matter. Inasmuch as the amount of water retained by the plant 
is relatively insignificant as compared with the amount of water lost, the 
amount of water transpired by the plant is taken as a measure of the water 
absorbed. 

Review of literature 

The problem of the efficiency of different species in their use of water has 
interested botanists, agronomists, and foresters for many years. Ilyenkov 

e effect of soil moisture on trees. Fittbogen 
of dry matter in oats was reduced greatly by 
the reduction of the moisture of the soil. Yon Hoiinel (6, 7) found that 
there was a definite relationship between the amount of leaf surface and the 
amount of water consumed by plants. 

Hellriegel (5) showed that the water utilization of plants decreased as 
the soil moisture content was lowered, Maercker (10) obtained similar 
results. Yon Daszewski (3)^found that the dry weight of tubers was in- 
creased greatly in soil with high water content, while Iviesselbach and Mont- 
gomery (9) found by improved methods that the reduction of the water con- 
tent from 100 to 60 per cent, produced a reduction of the water requirement. 
In general, experiments on the effect of the soil moisture content on the water 
requirement of crop plants showed that the water requirements varied with 
the water content of the soil. 

Briggs and Shantz (1) found that field crops differed greatly as regards 
their efficiency in the use of water. Alfalfa, for example, used four times as 
much water, as did millet to produce one pound of dry matter. In a later 
paper (2) they reported that even varieties of the same species differed 
widely in their water requirements. 

Methods 

In general, the method used in this work was similar to that used by some 
of the workers mentioned above. Plants were grown in sealed containers 
from April to October under greenhouse conditions. The total loss of water 
and the dry weight of the plants were calculated at the end of the experiment. 

Moisture conditions 

Five different moisture conditions were studied. Under “very dry” 
conditions the soil in each container received water amounting to 5 per cent, 
of the air-dry weight of the soil. Under “dry” conditions the water added 
to the soil amounted to 10 per cent, of the weight of the soil. Under “damp” 
conditions, water amounting to 15 per cent, of the weight of the soil was 


J (8) as early as 1865 studied th 
J (4) found that the production 
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added; and under “moist” conditions, 25 per cent. Under the “wet” con- 
ditions the soil of the longleaf pine received 35 per cent, of the air-dry weight 
of the soil, while that of the slash pine received 31 per cent. In both of these 
wet conditions the soil was saturated, and free water remained standing on 
the surface. 

Inasmuch as it is impossible to maintain a constant moisture content 
in containers in which plants are growing, no such attempt w T as made in this 
study. What was actually studied was the amount of water within certain 
limits in each series. The uniformity of the distribution of moisture in the 
containers did not offer a serious problem, since the containers were small 
and the roots of the trees were well distributed within them. 

Soil 

The soil used in this study belonged to the Buston fine sandy loam type. 
It was taken from the surface to a depth of 12 cm. on an area where the vege- 
tation was composed mainly of longleaf pine saplings, species of Andropogon, 
and other piney-woods grasses and herbs. This soil was first passed through 
a coarse wire screen, then through a fine 2-mm. screen. This screened soil 
was spread out on canvas and allowed to dry for several days. Samples of 
the soil were then taken and the moisture content determined on an oven-dry 
basis. When the moisture content was less than 2 per cent., the soil was 
considered suitable for use. The soil used had an average moisture content 
of 1.18 per cent. 

A physical analysis of the soil showed the following : 


Soil fraction Per cent. 

Silt 26.1 

Very fine sand 32.0 

Fine sand 26.0 

Sand 13.4 

Coarse sand 2.5 


100.0 

The colloidal content of the soil was 22 per cent, and the initial pH was 
5.25. 

Containers 

Two kinds of containers were used. In the very dry, dry, damp, and 
moist series, paraffined paper milk bottles of 1 -quart capacity were used. 
These were reinforced at the seams with adhesive tape and the entire surface 
of each was covered with a coat of waterproof shellac. On top of this, a 
coat of white enamel was applied. The mouth of each bottle was fitted with 
a paper milk-bottle cap with two holes to permit the passage of the stem 
of a plant and a glass tube, respectively. 
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In the wet series, mason jars were used. The mouths of these were closely 
fitted with paraffined screen-wire discs w r ith two holes like those in the paper 
caps. Mason jars were used in this series because it was doubtful whether 
the paper containers could stand the heavy weight of water without becoming 
weakened and finally leaking. 

The advantage in using paper containers was the facility with which the 
plants could be removed. After the completion of the experiment, the walls 
of the container were slit open with a sharp knife in several places and the 
containers placed in a receptacle. A fine stream of -water applied to the slits 
soon loosened all the soil and the roots of the plants were removed without 
injury or loss of fine rootlets. Removing the roots from the glass jars took 
considerably longer than, from the paper bottles. 

Preparation of the cultures 

Seeds of uniform weight were sown in flats in the same type of soil as that 
used in the containers. When the cotyledons were completely unfolded, each 
seedling was weighed and inserted through a hole in the cover of a container, 
which was then filled with the air-clry soil and weighed. The culture was 
then watered and allowed to stand until the seedling became well established. 
At this time the moisture in the culture was brought to the desired content. 
The lid of the container was then sealed with a mixture of paraffin and bees- 
wax and the culture was again weighed. This final weight constituted the 
basic weight. Once every week all the cultures were weighed and the loss of 
water determined. ‘Enough water was then added to bring the cultures back 
to the original basic weight. Fifty seedlings were used under each condition 
of soil moisture. 

The seedlings were 41 days old at the beginning of the experiment, which 
lasted from April to the middle of October of the same year. The plants 
consequently were under observation during their first full growing season. 

All the cultures were kept in the greenhouse, where the maximum tem- 
perature averaged 96° F. and the minimum 70° F. for the duration of the 
experiment. The relative humidity averaged 70 per cent, but sometimes 
reached a minimum of 49 per cent. 

Analysis of results 

The results are shown in table I. A statistical analysis of the data re- 
vealed a number of interesting facts. The longleaf pine seedlings showed 
best development in the moist soil, where the combined dry weight of the tops 
and roots was highest. The number of fascicles and length of needles were 
also greatest in the moist soil. Furthermore, in this soil the seedlings ab- 
sorbed the most moisture, and the rate of transpiration was highest. This 
was due probably to the vigorous condition of the seedlings. The seedlings 
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in this moist soil had the largest number of lateral roots and the largest num- 
ber of myeorrhiza. The taproots were shorter than in the wet cultures but 
longer than in the other cultures. 

The poorest development occurred in the very dry soil. Here the long- 
leaf pine seedlings had the lowest dry weight, the fewest fascicles, the shortest 
taproots, and the fewest myeorrhiza. The seedlings in this soil had the low- 
est transpiration rate, and absorbed the least water. The needles were 
shorter than those in the moist soil but did not differ significantly from those 
growing in the other soils. The lateral roots were fewer than in the moist 
soil but more than in the w r et soil. 

The longleaf pine seedlings growing in the wet soil absorbed more water 
than did those growing in the very dry soil, about the same amount as those 
growing in the dry soil, and considerably less than those in the other two 
cultures. In this wet soil the seedlings transpired less than in the moist soil 
but more than those in the other cultures. The difference between the rate 
of transpiration in the seedlings in this soil and that of the seedlings in the 
damp soil was not very significant, and may be due to the fact that the two 
had the same number of fascicles. The seedlings in the wet soil had shorter 
needles than those in the very dry and in the moist soils. The taproots of 
the seedlings in this wet soil were longer than those in any of the other cul- 
tures, but the lateral roots were fewest. There were half as many mycor- 
rhiza in the wet soil as in the moist, but twice as many as in the very dry soil. 
The dry weight of the seedlings in the wet soil was less than that of the seed- 
lings in the moist soil, but higher than the dry weight of the seedlings in the 
very dry and dry soils. 

The slash pine seedlings also absorbed the most water in the moist soil 
and had the highest transpiration rate in this soil. Also, the fascicles were 
more numerous and the needles were longer in the moist soil than in the other 
cultures. The taproots were shortest in the very dry and wet soils and long- 
est in the damp and moist soils. The lateral and mycorrhizal roots were most 
numerous in the moist soil. The dry weight of the seedlings was highest in 
the moist soil, but did not differ significantly from that in the dry and damp 
soils. If the quality of the seedlings were to be judged by their dry weight, 
then the slash pine, unlike the longleaf pine, had no pronounced optimum 
condition, so that the seedlings appeared of about the same quality in the 
dry, damp, and moist soil, but were distinctly better than those in the extreme 
very dry and wet conditions. 

In the wet soil the seedlings absorbed three times as much water as those 
growing in the very dry soil, but significantly less than those growing in the 
damp and moist soils. The transpiration rate in the wet soil was also three 
times higher than in the very dry soil, but considerably lower than in the 
damp and moist soil. The fascicles were slightly more numerous and the 
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needles were longer in the wet soil than in the very dry soil. The length of 
the taproot was about the same in both the wet and the very dry soils, but 
the number of lateral roots and mycorrhizal branches was considerably lower 
in the wet than in the very dry soil. 

Discussion 

The results (table I, fig. 1) indicate that both longleaf and slash pine 
seedlings showed best development in the soil which had an abundance of 
moisture but which was not completely saturated. In this moist soil the 
seedlings had a high transpiration rate and absorbed much water, with the 
result that here occurred the best development of the seedlings. Of interest 
also is the fact that the rate of transpiration was nearly the same for slash 
as for longleaf pine seedlings of the same age and in soils of similar moisture 
content. There also apparently exists a close relationship between the rate 
of transpiration and the moisture content of the soil; the transpiration rate 
was lowest in the very dry soil and highest in the moist soil, but in the wet 
soil it was low again. 


EFFECT OF SOIL MOISTURE ON LONGLEAF AND SLASH PINE SEEDLINGS 



Fig. 1. Effect of soil moisture on longleaf and slash pine seedlings. 


The commonly expressed idea that longleaf pine is a dry-land plant and 
that slash pine prefers wet sites is supported by the water requirement of the 
two species. In the early seedling stage, however, both species apparently 
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can endure extreme dry and extreme wet conditions. The mortality of slash 
pine in the very dry soil was higher than that of the longleaf in the same soil, 
and the mortality of longleaf was higher in the wet soil than that of the slash 
pine, hut most of the seedlings of each species survived under the extreme 
conditions. The optimum moisture condition for growth is not markedly 
different for both species, but the slash pine seedlings apparently have a 
wider range of optimum moisture conditions than longleaf pine. The fact 
that under natural conditions longleaf pine is more abundant on dry sites 
and slash pine on wet sites may be caused by frequent fires which often do 
not seriously injure the longleaf pine seedlings, but sometimes annihilate 
whole stands of slash pine seedlings. The absence of longleaf pine seedlings 
on wet sites may be due not entirely to the wetness of the soil but to the dense 
vegetation shading out the longleaf pines and also to the fact that longleaf 
takes so long to start height growth. Slash pine seedlings apparently can 
endure considerably more shade than can longleaf pine seedlings. 

Optimum moisture conditions are necessary for good development of the 
foliage of both longleaf and slash pine seedlings. Slash pine seedlings pro- 
duced more fascicles than did the longleaf seedlings under all conditions, 
but the length of needles of the seedlings growing under optimum conditions 
(moist soil) was greater for the longleaf than for the slash pine. 

The effect of soil moisture on root development showed some differences 
between the two species. In the wet soil the roots of the longleaf were con- 
siderably longer than those of the slash pine, but in the dry soil there was 
practically no difference. In the moist soil, however, the longleaf pine seed- 
lings produced longer roots than those of the slash pine. The roots of the 
longleaf seedlings in the w T et soil were over 50 per cent, longer than those in 
the very dry soil, while the slash pine roots in the wet soil and those in the 
very dry soil were about equal in length. 

Of particular interest is the fact that in both longleaf and slash pine 
seedlings the roots of the most vigorous seedlings possessed the most mycor- 
rhiza. The close relationship between the presence of mycorrhiza and the 
vigor of the pine seedlings is noteworthy and deserves further study. 

The efficiency with which each of the pine seedlings utilizes the -water is 
shown by their respective water requirements. For the sake of comparison, 
the water requirement of the seedlings in the very dry soil was expressed as 
1 for both slash and longleaf pine. The ratios are shown in table II. It is 
evident that the efficiency of the pine seedlings in their utilization of water 
to produce dry matter differed not only with the moisture content of the 
soil but also with the species. In the very dry soil, both species were nearly 
alike in their water requirement, but with the increase in the moisture con- 
tent the slash pine seedlings became less efficient; while the longleaf pine 
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TABLE II 

Ratios or water requirements eor longleaf and slash pines in soils of varying 

MOISTURE CONTENT 


Species 

Very dry 

Dry 

Damp 

Moist 

Wet 

Longleaf 

1 

!" ' i. 

1.9 

1.8 

1.4 

Slash 

1 

1.4 

1.9 

2.4 

3.1 


seedlings showed no marked difference except in the wet soil, where the ratio 
was somewhat lower than in the other cultures. 

A significant fact obtained in this study is that both longleaf and slash 
pine seedlings during their first year of growth apparently can endure very 
dry and wet soils. The longleaf pine can tolerate the dry conditions a little 
better than the slash pine seedlings, and the latter apparently can endure 
extreme wetness somewhat better than the longleaf ; but the best conditions 
for growth apparently lie within the same limits of soil moisture for both 
species, the slash pine having a little wider range of favorable moisture con- 
dition. A soil that drains too rapidly or one that drains poorly apparently is 
not conducive to good growth and development of either species. In the light 
of this fact, it is possible to understand why slash pines growing on soils with 
underlying hardpan where the drainage is poor generally exhibit a stunted 
condition. Similarly, the absence of longleaf pine seedlings in savannas may 
also be caused by a condition of poor drainage. The savannas, which in many 
cases are old cut-over longleaf pine lands, possessed, before the removal of 
the trees, an upward drainage through the transpiration of the mature trees, 
but when these were cut, the soil (naturally poorly drained) became saturated 
owing to reduction of this upward drainage, making the site unfavorable for 
the establishment and growth of the longleaf pine seedlings. 

The results of this study are particularly adaptable to nursery practice. 
If a watering schedule can be arranged in the nursery by which the optimum 
soil moisture can be maintained, a good grade of pine seedlings can be 
developed, thereby eliminating waste in culling. 

Summary 

1. Longleaf and slash pine seedlings were grown in cultures under dif- 
ferent conditions of moisture including very dry, dry, damp, moist, and wet 
soils. In these the original total amount of moisture was brought back by 
frequent replacement of the moisture lost through transpiration. 

2. The results indicate that longleaf pine seedlings during their first grow- 
ing season exhibit the best growth in moist soils where the initial moisture 
amounts to about 25 per cent, of the total weight of the soil. 
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3. Slash pine is apparently not as exacting as longleaf pine in its moisture 
needs. No appreciable differences in growth are exhibited in cultures where 
the initial moisture ranges from 15 to 25 per cent, of the total weight of 
the soil. While both longleaf and slash pine seedlings, showed a high sur- 
vival under extreme conditions of dryness and wetness, under these conditions 
they produced poorest growth. 

4. Under moist conditions many mycorrhiza were produced, and all seed- 
lings bearing mycorrhiza exhibited a particularly vigorous appearance. 

5. The transpiration rates for both longleaf and slash pine seedlings were 
very similar; in both the rate varied with the amounts of moisture in the 
soil. 

6. The water requirement generally was higher for slash pine under moist 
to wet conditions that for the longleaf pine seedlings under the same moisture 
conditions. The results indicate that slash pine seedlings require more 
moisture to build a unit of dry matter than do the longleaf pine seedlings. 

Southern Forest Experiment Station 
New Orleans, Louisiana 
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TIME FACTOR CONCERNED WITH FLUIDITY CHANGES IN 
WARMED AND COOLED CELLS OF ZYGNEMA AND 
SPIROGYRA 1 

Henry T. Northen 
(with three figures) 

Introduction 

It is generally known that the viscosity of hydrophilic colloids changes 
during a long period after temperature equilibrium has been reached. 
BelehrIdek (1) assumes that protoplasm responds to low temperatures as 
do hydrophilic colloids in vitro , and he suggests that the gradual slowing 
up of vital processes when cells are cooled to biological zero may be the result 
of a gradual increase in the viscosity of protoplasm. In other words, 
BelehrIdek believes that the rate of diffusion, which in turn is dependent 
upon protoplasmic viscosity, may be slower than the rate of chemical change 
as such; and, hence, in a catenary series of reactions the rate may be limited 
by protoplasmic viscosity. 

The data presented in this paper, however, indicate that when cells are 
warmed or cooled the viscosity of the protoplasm becomes constant when 
the temperature equilibrium is reached. Hence the fact that the rate of 
biological processes in cooled cells does not become constant when the tem- 
perature equilibrium is reached cannot be used as an argument in favor of 
the hypothesis that diffusion may limit the rate of a catenary series of 
reactions. 

Materials and methods 

For the determination of the time-factor when cells are cooled from 20° 
C. to 1° C., filaments of Zygnema and Spirogyra from water at 20° C. 
were laid between two strips of cotton which had been soaked in water at 
20° C. The cotton wads containing the filaments were inserted in centrifuge 
tubes immersed in water maintained at 1° C. After the filaments had been 
in the ice water the desired time (tables II and V), they were centrifuged, 
still in ice water, with a hand-driven centrifuge. The filaments were then 
fixed and mounted in a 1 per cent, chromo-acetic solution and the distances 
the chloroplasts had been moved were determined. For Zygnema, the dis- 
tances the chloroplasts had been moved were determined as previously de- 
scribed by Northen (2). For Spirogyra no measurable criterion could be 
used, but the comparative displacements of the chloroplasts has been recorded 
by means of plus signs. 

For the determination of the time-factor when cells are warmed from 
1 Contributions from the Department of Botany and the Bocky Mountain Herbarium 
of the University of Wyoming, no. 163. 
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1° 0. to 20° C., filaments of Zygnema and Spirogyra were laid between two 
strips of cotton wliich bad been soaked in water at 20° C. Tbe cotton wads 
were inserted in tbe centrifuge tubes in water at 1° C. After tbe filaments 
bad been in tbe ice water for ten minutes they were transferred to water at 
20° C. After the filaments had been in tbe water tbe desired time (tables 
I and IV) they were centrifuged, mounted, fixed, and the displacements of 
tbe chloroplasts were determined as previously described. 

To determine the approximate time necessary for a temperature equi- 
librium to be reached, a thermometer was laid between two strips of cotton 
soaked in water at 20° C. The cotton wad containing the bulb of tbe ther- 
mometer was then inserted in a centrifuge tube immersed in water at 1° C. 
The temperature was read at intervals of thirty seconds. A similar method 
was used to determine the time necessary for equilibrium to be reached when 
the temperature was raised from 1° C. to 20° C. 

Data and conclusions 


The approximate time necessary for temperature equilibrium to be estab- 
lished in the cotton wads is expressed graphically in figure 1. The results 
of the experimentation on Zygnema are recorded in tables I and II and in 
figure 2. 



o i 1 i i ! i i 

O 30 60 90 120 150 160 


TIME OF EXPOSURE IN SECONDS 


Fig. 1. Seconds exposure necessary for equilibrium to be established in cotton wads 
which were immersed in water at 20° C. (graph 1) or at 1° 0. (graph 2). 


In the preceding tables “length of cells 7 ’ and “distance moved ” are 
expressed in relative units — the units on the ocular micrometer which was 
used in measuring the displacements. The values may be converted into 
microns by multiplying by 34.75. 

It will be observed, graph 1 of figure 2, that when cells are transferred 
from water at 1° C. to water at 20° C. the fluidity increases and becomes 
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Fig. 2. Minutes exposure necessary for the fluidity (distance ehloroplasts moved) 
to become constant when cells of Zygnema were warmed to 20° C. (graph 1) or cooled 
to 1° C. (graphs 2-9). 

relatively constant within half a minute. An examination of graph 1 of 
figure 1 indicates that at the end of thirty seconds the probable temperature 
of the cells is only ten degrees. This indicates that the decided increase in 
fluidity occurs between 0° and 10° C. and that above 10° C. the increase in 
fluidity is much less marked. Moreover, the data indicate that when cells 
are warmed the fluidity becomes constant as rapidly as the temperature 
equilibrium is established. 

Graphs 2 and 3 of figure 2, for long cells (hence, a greater distance to 
move), seems to indicate that the time necessary for the fluidity of the cyto- 
plasm to become constant is more than three minutes and less than six 
minutes. However, graphs 4 to 9 (for shorter cells) indicate that the time 



Fig. 3. Cells centrifuged for 45 seconds with a force of 680 x gravity, a, main- 
tained in water at 20° C. ; b, maintained in water at 1° C. for one minute; e, maintained 
in water at 1° C. for two minutes. 
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necessary for the fluidity to become constant is less than two minutes and 
more than one minute. In graphs 2 and 3 the higher fluidity at three min- 
utes as contrasted with the fluidity at six or more minutes is probably spuri- 
ous and may have resulted from a failure to stir vigorously enough the 
mixture of ice and water in which the filaments were immersed. 

Graph 2 of figure 1 indicates that about two minutes are required for 
the temperature equilibrium to be established, and graphs 4 to 9 of figure 2 
indicate that two minutes are required for the fluidity to reach a minimum. 
Hence, it becomes reasonably certain that as the temperature equilibrium is 
reached the fluidity becomes constant. In other words, the time factor for 
the fluidity to become constant when cells of Zgynema are warmed from 1° 
to 20° C. or cooled from 20° to 1° C. is zero. 

The question next arises as whether or not phases more viscous than 
cytoplasm have a time factor of zero. In Spirogyra at least two factors 
determine the ease of displacing the chloroplast. First, the viscosity of the 
hyaline cytoplasm, and second, the ease with which the more viscous chloro- 
plast can be bent. It is probable that the second factor is the limiting one, 
and hence, in Spirogyra , studies of displacements of chloroplasts give the 
time factor for the consistency of the more viscous chloroplast to become 
constant. 

The results of the experimentation on Spirogyra are recorded in tables 
III, IV, and V and in figure 3. 


TABLE III 

Relative displacements of the chloroplasts after ten minutes exposure to water 
AT TEMPERATURES OF 0°, 5°, 10°, 15°, AND 20° C. 


Temperature 

Force x gravity 

Seconds 

CENTRIFUGED 

Relative 

displacement 

0° O. 



1 


trace 

5 





4 + 

10 


680 


i45 

+ +■ + + 

15 





+ + + +• + 

20 1 

■ ■ ■ 1 





'+ + + + + 


TABLE IV 

Relative displacements of chloroplasts in cells of Spirogyra 
MAINTAINED AT 1° C. FOR 10 MINUTES 


AND THEN MAINTAINED AT 20° C. FOR DIFFERENT PERIODS OF TIME 


Seconds of exposure 
at 20° 0. 

Force x gravity 

Seconds 

CENTRIFUGED 

Relative 

displacement 

' 0 





trace 

30 





4-4-4* 

60 


l 680 


45 

4 — l — l — 1 

90 





r HH 

120 

j 




-f -f + -f 4* 
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TABLE V 

Relative displacements of chloroplasts in cells of Spirogyra maintained at 20° C. 

THEN MAINTAINED AT 1° C. FOR DIFFERENT PERIODS OF TIME 


Seconds of exposure 
at 1° C. 

Force x gravity 

Seconds 

CENTRIFUGED 

Relative 

DISPLACEMENT 

0 

1 




+ + 4- + -f 

60 





+ + 

90 





+• 

120 


l 680 


45 

trace 

150 





trace 

180 





trace 


The experiments recorded in tables III, IV, and V are representative 
ones. Each experiment has been repeated six times by the author or others 
in this laboratory and each time the same results have been obtained. 

Graph 1 of figure 1 indicates that the probable temperature of the fila- 
ments after 60 seconds exposure was 15° C. It will be noted (table IV) that 
the displacement following sixty seconds exposure to water at 20° is the 
same as the displacement recorded in table III for material maintained at 
15° C. At the end of ninety seconds the probable temperature of the fila- 
ments was 17.5° C. Upon comparing the value in table IV after ninety 
seconds exposure with the value at 15° or 20° C. in table III, it will be noted 
that the values are identical. Hence, in warmed cells of Spirogyra as well 
as in warmed cells of Zgynema the fluidity becomes constant as rapidly as 
the temperature equilibrium is reached. 

If comparisons are made between graph 2 of figure 1 and tables III and 
V, it will be noted that when cells of Spirogyra are cooled from 20° C. to 
1° C. the fluidity of the ehloroplast becomes constant as rapidly as the tem- 
perature equilibrium is reached. 

The experiments on Zygnema and Spirogyra demonstrate that when cells 
are warmed or cooled the consistency of the cytoplasm and the more viscous 
ehloroplast becomes constant as rapidly as the temperature equilibrium is 
established. The time factor is zero, and hence it is doubtful that the grad- 
ual slowing up of vital processes when cells are cooled can be explained on 
the basis of a gradual increase in protoplasmic viscosity. 

Summary 

1. Filaments of Zygnema sp. and Spirogyra sp. were transferred from 
water at 20° C. to water at 1° C., centrifuged after various periods of time, 
and the distances the chloroplasts had moved were determined. Other fila- 
ments of Zygnema and Spirogyra , which were maintained at 1° C. for ten 
minutes, were transferred to water at 20° C., and after various time inter- 
vals were likewise centrifuged, and the displacements determined. 
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2. The results demonstrate that when cells are warmed to 20° C. or cooled 
to 1° C. the consistency of the protoplasm becomes constant as rapidly as 
the temperature equilibrium is established. The time factor is zero. 

The writer takes pleasure in expressing his gratitude to Mr. Merritt 
Boddy and to Mr. Michael Bara of this department for aid in measuring 
displacements within cells. 

University op Wyoming, 

Laramie, Wyoming 
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META- AND PYROPHOSPHATE WITHIN THE ALGAL CELL 
Anna L. Sommer and Thomas E. Booth 

Introduction 

Comparatively little attention has been given to the pyro and almost 
none to the meta form of phosphate in plant and animal studies. Since re- 
porting the occurrence of pyrophosphate in muscle in 1928, Lohmann (5, 6, 
7, 8, 9, 10, 11, 12) has conducted a number of experiments on the occurrence 
and transformation of pyrophosphate in animal tissue. He also made a few 
similar studies with yeast and plant material. Other work in which the 
pyro form of phosphate was considered was done by Meyerhof and Loh- 
mann (14), Boyland (1), Levitov (4), Eggleton and Eggleton (2), 
Embden, Hefter, and Lehnartz (3), Needham and van Heyningen (15), 
and Roche (16). According to Lohmann (7) and Boyland (1), about one- 
fourth of the phosphate in yeast is in the pyro form. Lewitow (4) reported 
that incubation of brewer’s yeast did not alter the pyrophosphate content 
but that when this was done in the presence of glucose there was a consider- 
able loss in pyrophosphate with a simultaneous decrease in orthophosphate. 
In most of the work, determinations for pyrophosphate might have included 
metaphosphate. Weissflogg and Mengdehl (19) found meta- and pyrophos- 
phate in the roots of corn only when they used these forms as the source of 
phosphate in their culture media. Even in these cases they were unable to 
detect either meta- or pyrophosphate in the upper parts of the plant and 
concluded that these were converted into the ortho form before they reached 
the stems and leaves. Dr. Ralph Morgan (private conversation) said that 
he believed metaphosphates were an important form in the living organism 
because they readily form complexes. An investigation was therefore under- 
taken to determine whether metaphosphate was present in living green 
plants and, if so, its relation to the presence of the ortho and pyro forms. 

Experimentation 

The ease with which meta- and pyrophosphates are converted to the ortho 
form makes it desirable to use, if possible, the intact living organism. The 
senior author and colleagues (17, 18) have shown that the Allison magneto- 
optic apparatus permits the direct detection of compounds within sufficiently 
small and transparent plants. The only requirement is that sufficient light 
be transmitted through the organism to give the minimum or minima of 
the compound being studied. 

A pure culture of C Morelia pyrenoidosa 1 was used in most of the studies 
but similar results were obtained with other algae. 

1 The culture was obtained from Dr. D. Appleman of the University of California 
at Los Angeles and was of a strain isolated by Dr. R. Emerson of the California Institute 
of Technology. 
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Preliminary trials were made to determine if metaphospliate was present 
within the algal cell. A suspension of algae in a nutrient solution in which 
all of the necessary ions were present was placed in an observation tube 
and the minima for KPO s were sought. These were found to be present and 
angle readings 2 to within ± 0.5° were made. The suspensions were filtered 
through hardened filter paper, and readings w T ere made on the filtrate. The 
filtrate usually showed no metaphosphate ; and when the minima for this 
compound could be seen, the angle readings were very small. 

After the preliminary tests showed the presence of metaphosphate within 
the algal cell, a study was made of its formation from the orthophosphate in 
the solution. 

A culture solution was made up as follows : 


MgS0 4 ; 10 p.p.m. 

CaS0 4 10 p.p.m. 

KC1 12.5 p.p.m. 

KNO s 10 p.p.m. to 100 p.p.m. 


A small amount of a heavy algal suspension from a culture in which all or 
nearly all of the phosphate had been utilized was added to this solution. 
Potassium acid phosphate was added to the suspension just before making 
the readings. Eeadings for K 3 P0 4 3 and KPO s were made immediately after 

2 Angle readings vary directly with the concentration. Bishop, E. R., Hollins, C. B., 
and Otto, I. G. Magneto-optic rotation method for quantitative determination of cal- 
cium. J our. Amer. Chem. Soc. 55 : 4365-4370. 1933. 

The data presented in table II were obtained by the senior author during the absence 
of the junior author. The readings, although much higher than those in table I, which 
the junior author observed, represent lower concentrations. Readings obtained by differ- 
ent observers may vary greatly for a given concentration as is shown in the following data. 

Comparison op angle readings for the same concentration by two observers 


Observer 


Angle readings in degrees (±0.5°) for concentrations of 


1 

lx 10-11 1 

1 1 x 10-10 

1 1 X 10-9 

| lx l 0 -s | 

I 1 X 10-7 | 

1 X 10-0 | 1 X 10-5 

Junior author 

6.0 

13.0 1 

17.5 

19.5 

I 22.0 

24.0 I 25.5 

Senior author 

18.5 

34.5 

46.5 

| 65.5* 


! 


* Readings above 60° are of very doubtful value. 

The readings of the junior author are considerably lower and those of the senior 
author considerably higher than those obtained by most observers for similar concentra- 
tions. Readings for the same concentrations are usually quite constant for an individual 
over a considerable period of time but may vary over longer periods. Thus the readings 
of the junior author decreased gradually during a period of two years while those of the 
senior author increased greatly after eye strain from too constant observing. The data 
in table I were obtained at a time when a reading of 39° by the junior author corre- 
sponded to a concentration of about 1 x 10-*. 

3 Readings for K s P0 4 were made because it has been impossible to find minima for 
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preparing the suspension and again after the algae had been in contact with 
the solution for an hour or more. A final reading was usually made a day 
or two later. 

It may be seen in table I that part of the orthophosphate was converted 
into the meta form. The final readings for the metaphosphate were usually 
higher than those for the orthophosphate when the relative amounts of algae 

TABLE I 

Transformation of ortho- to metaphosphate within the algal cell 
(Angle readings vary directly with the concentration) 


Test number 


Angle readings (: 

± 0.5) IN DEGREES* 


Initial 

After 1 to 3 hours 

After 1 to 2 days 


k 3 po 4 

kpo 3 

k 3 po 4 

kpo 3 

k 3 po 4 

kpo 3 

; 

1 

28.5 

9.5 

15.0 

21.0 

14.5 

15.5 

2 

37.0 

9.5 

28.5 

14.5 

16.0 

18.5 

3 

27.0 

8.0 

17.0 

16.5 



4 

22.0 

8.0 

7.5 

14.5 

6.0 

8.0 

5 

22.0 

7.5 

12.0 

13.0 

9.0 | 

16.5 

6 

20.0 

9.0 

12.5 

18.0 

5.5 

16.5 

7 

31.5 

9.0 

29.5 

12.5 

26.5 

12.0 

8 

36.5 

12.5 

33.0 

13.5 

26.0 

9.5 

9 

28.5 

12.0 

23.5 

13.0 

23.0 

9.0 


* Observations by junior author. See footnote page 200. 


and phosphate were such that the phosphate was rapidly disappearing. 
When, however, the amount of phosphate as compared with the algae was 
greater, the amount of metaphosphate appeared to hold a fairly constant 
level and the orthophosphate disappeared more slowly. 

A second study was made to determine if pyrophosphate appeared as an 
intermediate form between the ortho- and metaphosphates. Algae used for 
this work had been growing for a long period without the addition of phos- 
phate to the culture solutions. Suspensions were made in solutions of the 
composition previously stated. Examinations of the suspensions showed no 
ortho- or pyrophosphate. Metaphosphate was present in the suspensions 
made up on the first two days but it could not be detected in those made up 
later. Three aliquots of the suspension, two with algae and one from which 
the algae had been filtered were used each time. Orthophosphate was added 
to one of the unfiltered aliquots and to the filtered aliquot. Examinations 
were made before and just after the addition of the phosphate, and again 
after an hour or more. Final readings were usually made the following day. 

salts of HP0 4 - ~ or H 2 P0 4 ~. When such salts are dissolved, minima are obtained for the 

salt of P0 4 (the amount of phosphate determined being equivalent to the amount of 

the particular cation present unless this cation had been added in excess of the phosphate) , 
the hydroxide of the cation, and H 3 P0 4 . In this work an excess of the cation of the salt 
investigated was always present. 


Relationship of ortho-, pyro~, and metaphosphates within the algal cell 
(Angle readings vary directly with the concentration) 



$ With P0 4 present but angle reading not determined. 
§ Probably contamination in tube. 
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Pyrophosphate soon appeared after the addition of orthophosphate to 
the suspensions and persisted over the period in which the determinations 
were made. The amount present shortly after the addition of the orthophos- 
phate was sometimes greater than that of the metaphosphate, but later de- 
terminations always showed an amount of metaphosphate greater than that 
of the pyrophosphate. The results of these tests are shown in table II. 

Discussion 

The transformation of orthophosphate to the meta form and the per- 
sistence of metaphosphate after the ortho and pyro forms could no longer 
be detected indicates that the meta form is important in the metabolic proc- 
esses of algae. Some of the phosphate in biological material determined 
by certain investigators as pyrophosphate may have originated from the 
meta form since their methods did not distinguish between the two. Ac- 
cording to Weissflog and Mengdei-il (19), meta- and pyrophosphates are 
rapidly transformed into the ortho form after they are absorbed by corn 
plants. The fact that they found no meta- or pyrophosphate in the stems 
and leaves may have been because the amounts were too small to be deter- 
mined by their method. Mengdehl (13) was able to determine meta- and 
pyrophosphate which he added to plant material. It seems, therefore, un- 
likely that if considerable amounts were present in the material from com 
plants used by "Weissflog and Mengdehl (19) they would have been con- 
verted to the ortho form by the time the determinations were made. The 
results in table II show an amount of pyrophosphate greater than that of 
the meta form only for a time after the orthophosphate had been added to 
cultures deficient in phosphate. Algae grown for several months with ade- 
quate phosphate and then suspended in a solution of the composition given 
above also showed metaphosphate to be present in greater amounts than the 
pyrophosphate. The circle readings were as follows: Mg 3 (P0 4 ) 2 , 50° 4 ; 
Mg 2 P 2 0 7 , 26.5° ; and Mg(P0 3 ) 2 , 41.5°. Examinations of the solution before 
the addition of the algae showed no meta-, ortho-, or pyrophosphate. These 
results indicate that pyrophosphate might be present only as an intermediate 
step between the ortho and meta forms. 

Summary 

Living algal cells were examined by means of the Allison magneto-optic 
apparatus for the presence of meta- and pyrophosphates. These were found 
to be present except where the algae had been in phosphate-deficient media 
for a long time. Metaphosphate was present after the ortho and pyro forms 
could no longer be detected. The transformation of ortho- to metaphosphate 

4 Headings not made above 51°. 
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and the persistence of the metaphosphate indicates that this form is impor- 
tant in the metabolic processes of algae. 

Alabama Polytechnic Institute, 

Auburn, Alabama 
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BRIEF PAPERS 

PREPARATION OF INULIN FOR USE IN ADSORPTION COLUMNS 

II . A . Spoehr 

Inulin has been found to be a very satisfactory material for the separa- 
tion of the two chlorophyll components by means of the chromatographic 
adsorption method of Tswett. Inulin has certain advantages over pow- 
dered sucrose for this purpose: it is less hygroscopic than sucrose; it ap- 
parently has a higher adsorptive capacity, so that smaller quantities and 
hence smaller columns are needed ; the chlorophyll separates into two bands 
of the two components readily and these are easily eluted. Moreover, it is 
not necessary to remove the carotenoid pigments from the solution before 
adsorption, so that leaf extracts in petroleum ether solution can be used 
directly on the inulin adsorption columns. 

The method which has been used for the preparation of inulin is in 
principle the same as that described by Kiliani (1) and which has recently 
been used by Spoehr and Milner (2, 3) for the isolation of leaf starch from 
plant materials. The source for the preparation of inulin has been dahlia 
tubers which were obtained as culls from nurseries. 

The dahlia tubers were scrubbed to remove all soil, and decayed and 
woody portions were cut out. The tubers were then cut into slices of a con- 
venient size to feed into a mincer through which they were passed three or 
four times, using a medium-sized cutter. This w T as found to be better than 
to mince the material very fine, because of the loss of juice with the fine 
mincer. Batches of five kilos of the ground tubers, mixed with three liters 
of water and 25 gm. of powdered calcium carbonate w r ere boiled vigorously 
for one-half hour. The hot mixture was filtered with suction through muslin 
on a large Buchner funnel and the pulp thoroughly pressed out on the fun- 
nel. The pulp in the funnel was then washed with 500 cc. of hot water and 
thoroughly drained by suction and pressure. A second extraction of the 
pulp hardly repays the time and effort required. The hot filtrates were 
immediately filtered again through large folded filters to produce a perfectly 
clear, dark brown solution. 

The solutions obtained in the manner just described were then subjected 
to freezing. This was done in five-gallon ice cream cans, which were stored 
at -20° C. for 5 days. The solutions were then allowed to thaw at room 
temperature. The inulin remained insoluble and w r as removed by filtration 
through filter paper on a Buchner funnel under reduced pressure, or pref- 
erably on large sintered Jena glass filters. The phenomenon is very similar 
to that of retrogradation of starch (2, 3) . Incidentally it may be mentioned 
that it has been found impossible to separate glycogen from aqueous solution 
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by this method. The filtration of the inulin may become a rather tedious 
process and it was found advantageous to filter the main portion with only 
slightly reduced pressure in order to avoid clogging the pores of the filter. 
But if the inulin solution has been kept frozen for some days and the filtra- 
tion is done cautiously, it proceeds fairly rapidly. The moist inulin is very 
susceptible to infection by molds, so that it should be worked up immediately. 

The inulin was then dissolved again in hot water, filtered, and the solu- 
tion frozen at - 8° C. The volume of solution in this step was very materi- 
ally less, about one-tenth of that used in the first extraction, and the freezing 
process was carried out in ice trays of a household electric refrigerator. 
After several days, the solutions were allowed to thaw and the inulin was 
filtered on sintered glass filters with suction, with the precautions already 
mentioned. The inulin was dried in an oven at 60°, coarsely ground, and 
dried in vacuum over calcium chloride for several days. It was then pow- 
dered in a pebble mill, passed through a 200-mesh sieve, and dried in vacuum 
over phosphorus pentoxide. 

The inulin thus prepared was pure white ; different preparations had an 
ash content of 0.16 to 0.20 per cent and a specific rotation of [a] % =-35.3° 
to - 38.1°. From one lot of 27.8 kilos of dahlia tubers, which were extracted 
in six batches, there were obtained first crops totaling 1640 gm. of inulin, 

i.e., a yield of 5.8 per cent. The filtrates from the second freezing were com- 
bined, concentrated, decolorized with charcoal and frozen again, and yielded 
an additional 85 gm. of inulin, making a total yield of 6 per cent. 

One further advantage of the use of inulin is that it can be readily recov- 
ered after use as an adsorbent. It is washed with ethanol, dissolved in hot 
water, filtered, decolorized with charcoal, if necessary, and by freezing the 
solution it can be recovered in pure form as described. 

Carnegie Institution of Washington 
Division of Plant Biology 

Stanford University, California 
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EFFECTS OF X-EAYS ON SEEDS 

A. A. Bless 

In a recent paper (1) the author has shown that seeds subjected to -various 
doses of x-rays show peculiarities at certain stages of the growth which are 
not necessarily maintained throughout the period of growth, and cannot be 
used as a criterion for the determination of the best dosage for yield at 
maturity. 

In order to obtain some information concerning the effects of x-rays on 
seeds, by examination of mature plants from x-ray treated seeds, experiments 
were made on seeds of radishes, lettuce, and beans. The x-ray tube was 
operated at about 100,000 volts and 5 milliamperes. The rays were filtered 
through 1 mm. of aluminum, and the seeds were placed at a distance of 30 
cm. from the target. They were subjected to the radiation for various 
lengths of time. The growth of the seeds was recorded every week, and 
showed phenomena similar to those exhibited by corn in the paper men- 
tioned above and in agreement with the work of Johnson (2) and will not be 
discussed here. 

According to Shull and Mitchell (3) the effects due to the x-rays are 
more pronounced when the seeds are subjected to the radiation in sprouted 
condition. In order to test this hypothesis two sets of experiments were con- 
ducted; one set of seeds was exposed to x-rays when dry, while the other set 
was exposed when the seeds were sprouted. For the latter set the seeds were 
allowed to remain in trays on sterilized cotton padding saturated with dis- 
tilled water until definite sprouts appeared and then subjected to x-ray 
treatment. The results of the treatment are shown in table I. 

The results show that the x-ray treatment did not produce significant 
changes in the case of radishes. The improvements in weight of the plants 
from treated seeds as compared with those from untreated is not very large, 
and may therefore be attributed to accident. Moreover there is no sig- 
nificant difference between the weight per pod of the seeds exposed when 
sprouted and those exposed when dry. The increase on the average is only 
about 10 per cent, which cannot be considered to be very important. 

In the case of beans, plants from seeds treated dry have shown no sig- 
nificant changes over the untreated. However, plants from the irradiated 
sprouted seeds have shown increases of some 25 per cent, over the controls, 
which is probably too large to be considered accidental. 

The results were more interesting in the case of lettuce. While the in- 
crease in weight was not significant in the case of most of the plants produced 
from seeds treated in the dry state, the five-minute dose produced an increase 
in growth of about 60 per cent, over the controls. Because of this large 
increase, the experiments were repeated a year later. The results indicated 
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TABLE I 


Plant 

Time op 
exposure 

Exposed dry 

Exposed sprouted 

Bemarks 

Weight per plant 

Weight per plant 


min. 

gm. 

gm. 

gm. 

gm. 


Eadishes, 

0 

3.3 


4.0 


In all 

(Cincinnati 

1 

4.3 


5.3 


250 plants; 

Market) 

*' 

2.0 


2.4 


about 


1 

5.3 


4.8 


20 plants 


1 

3.5 


4.5 


in each 


2 

4.8 


5.7 


set 


3 

2.7 






4 

4.5 


4.4 




7 

4.5 





Beans 

0 

6.2 


5.3 

. . ■ 

300 pods; 

(Bountiful) 

l 

4.8 


3.8 


about 


l 

5.1 


8.2 


25 in 


1 

6.4 


6.9 

. 

each set 


2 

6.2 


5.3* 




4 



7.3 




6 



5.5* 

.. . ■! 




1936 

1937 

1936 

1937 


Lettuce 

0 

4.3 

4.0 

4.3 

5.0 

300 

(White 

4 

4.7 

' ' , ; 

6.0 


plants ; 

Boston) 

4 

3.7 


3.8* 


about 


1 

3.9 


2.0* 


10 in 


l 

4.7 

4.0 

5.1 

6.9 

each 


2 

4.0 

6.65 

5.8 

5.7 

set 


3 

3.6 

4.5 

4.7 




4 


6.0 


8.6 

[■ . 


5 

7.0 

6.1 


7.7 



6 


4.9 

5.0 

6.1 



7 

3.4 

4.7 


8.1 

i 


* Poorly sprouted. 


that for the 4- and 5-minute exposures the increase is well over 25 per cent. 
In the ease of the seeds irradiated when in sprouted condition, the increase 
in weight of plants grown from the treated seed over the controls was on 
the average about 50 per cent, for the larger doses used. 

In addition to the differences in weight the x-rays seem to have also 
caused a noticeable difference in taste. About half of the people who have 
tasted the lettuce in 1936 have been able to detect this difference. The lettuce 
seemed to have a stronger, “tangier” taste, the “tanginess” increasing with 
the dose. In 1937 eight people out of twelve who tasted the lettuce have 
observed this difference. Considering the fact that the sense of taste varies 
a great deal with different individuals, the difference introduced by x-rays 
is probably real. 

In addition to these greenhouse experiments, x-rayed seeds of corn were 
planted in the field. For these experiments, an inbred variety developed 
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in the Florida Agricultural Experiment Station was used. The seeds were 
planted in the field and so staggered as to minimize the effects of possible 
soil variation. The inbred variety, while possessing the advantage of small 
individual variation, possessed the great disadvantage of lower resistance 
to diseases and to the ravages of the corn borer. In place of the two hundred 
ears of corn expected for each batch, only about 40 per cent, of the normal 
crop was obtained. The results are presented in tabulated form. 


Time of exposure in minutes 
(exposed dry) 


0 

1 

2 

4 

8 


Weight in grams 

PER EAR 

204 

213 

198 

213 

212 


It appears that for two or three doses, there is a small increase in weight 
of the ears grown from the x-rayed seeds over the controls. The result 
cannot be considered very significant. 

The results of these experiments may be summarized briefly as follows : 
within the limits of the x-ray doses used in these experiments, significant 
effects of x-ray on the yield at maturity have been found only for lettuce and 
for beans. The response to the x-ray treatment was greater when the seeds 
were in sprouted condition. No significant changes have been observed in 
the case of radishes, exposed sprouted as well as dry, and of corn exposed dry. 

It gives me great pleasure to acknowledge the advice and the generous 
cooperation which has been given to me by Dr. F. S. Jamieson and Dr. F. 
H. Hull, of the Florida Experiment Station. 

University of Florida, 

Gainesville, Florida 
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NOTES 


Indianapolis Meeting. — In many ways the fourteenth annual meeting 
of the American Society of Plant Physiologists was the most satisfactory 
meeting in its history. The arrangements left little to be desired, and more 
was accomplished for the future welfare of plant physiology than at any 
previous meeting. Space does not permit publication of details of the ac- 
tions taken, but they will vitally affect the financial background of the So- 
ciety’s program. The program committee, through the efforts of its chair- 
man, Mr. Withrow, and with the able assistance of all members of the 
committee, developed a series of meetings that set a high standard of excel- 
lence. The annual dinner was attended by about 175 individuals. As 
usual, the important features of this gathering were the Stephen Hales 
address, Hormones and the Analysis of Growth, by Dr. K. V. Thimann, and 
the announcements of awards and honors. The officers of the Society, and 
its committees responsible for the success of the meeting, deserve great credit 
for the high standards set in the performance of their duties. We are indeed 
fortunate in having so many capable and efficient servants. 

Annual Meeting, 1938. — The next annual meeting of the Society will be 
held at Richmond, Virginia, in connection with the A.A.A.S. meetings in 
December, 1938. The personnel of the program committee, as well as that 
of the program committee for the summer meeting at Ottawa, Canada, late 
in June, will be announced in April. Early consideration of symposia sub- 
jects and joint meetings is advisable so that more careful preparation can be 
made by those participating in the discussions. In addition, careful con- 
sideration should be given in advance to such problems as hotel and meeting 
room requirements in order that the most favorable arrangements may be 
made when the assignments are in order. 

Life Membership Awards. — The Barnes Life Membership committee 
had been authorized to make two awards at Indianapolis, if it was found 
feasible to do so. In accordance with this authorization, which followed a 
precedent set at the Des Moines meeting in 1929, the committee, with Dr. 
H. R. Kraybill as chairman, presented the names of two candidates for the 
awards. The two men chosen for this high honor were Dr. Homer LeRoy 
Shantz, of the L T . S. Department of Agriculture, and Dr. Alexander P. 
Anderson, Tower View Laboratory, Red Wing, Minnesota. Brief biog- 
raphies of the two candidates are given. 

Dr. A. P. Anderson was born in Red Wing, Minnesota, on November 22, 
1862. His collegiate training was obtained at Minnesota, where he received 
the B.S. degree in 1894, and the M.S. degree in 1895. As was customary at 

213 



214 


PLANT PHYSIOLOGY 


the time, he went to Germany for his Ph.D., which was granted at Munich 
in 1897. He was botanist and bacteriologist at Clemson College just after 
his return from Europe, assistant professor of botany at Minnesota for two 
years, once more biologist and entomologist at Clemson during 1900-1901, 
and curator of the herbarium at Columbia University for a short period. 
After this he went into private research, which took an industrial turn, and 
to this work he has given a lifetime of service. He was included among 
the first group of 100 botanists to be starred in the first edition of American 
Men of Science, 

His father, John Anderson, and his mother Britta (Gustafsdotter) 
Anderson, were both natives of Sweden. He married Lydia Johnson, of 
Highlands, North Carolina, shortly after returning from Munich. Five 
children have graced their home. 

Dr. Anderson is best known for his invention of puffed cereals, which 
came out of his early work on processing of starch and cereal products. 
Puffed rice, puffed wheat, Quaker craekels, and other puffed products we 
owe to his inventive genius. But before he went into these industrial prob- 
lems, he was interested in the formation of abnormal resin canals in the 
Coniferae, in the growth of fruits as determined by weighing, and in plant 
diseases. He has on various occasions shown his interest in the work of the 
American Society of Plant Physiologists, as a contributor to the Stephen 
Hales fund in 1927, and as a patron of the Society. He passed his 75th 
birthday anniversary in November, 1937. The action of the committee in 
making the award is very appropriate. 

Dr. H. L. Shantz was born in Kent Co., Michigan, on January 24, 1876. 
He received the B.S. degree from Colorado College in 1901, and the Ph.D. 
degree from the University of Nebraska, in 1905. He had had experience 
in the teaching of botany at Colorado College, and at Nebraska, during his 
graduate training. After obtaining his doctorate, he served for short periods 
at Missouri, and at Louisiana. In 1908 he joined the staff of the U. S. De- 
partment of Agriculture, and was especially interested in the problems of 
alkali and drought resistance, and the breeding of resistant races. He was 
plant physiologist in the Bureau of Plant Industry from 1910 to 1926, and 
in charge of plant physiology and plant geography during the last six years 
of this period. During 1926 to 1928 he was Professor and head of the De- 
partment of Botany at Illinois, from which institution he went to the Uni- 
versity of Arizona as president in 1928. Recently he has returned to the 
Department of Agriculture. 

In 1901 Dr. Shantz was married to Lucia Moore Soper. They have 
two sons. In connection with his varied services, Dr. Shantz was a traveler 
and explorer. He went with the Smithsonian Expedition to Africa in 1919- 
1920, and was a member of the Educational Commission to East Africa under 
the Phelps Stokes Fund and the International Educational Board in 1924. 
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His name is best known among plant physiologists and ecologists for his 
work on the water relations of plants and soils, the wilting coefficient, the 
moisture equivalent, the water requirement of plants, etc., and for his studies 
of the indicator value of native vegetation in the Great Plains area. These 
investigations, however, represent but a small part of his scientific contribu- 
tions which have been many and varied. 

The American Society of Plant Physiologists is greatly honored by the 
addition of the names of these two eminent men to its roll of Charles Reid 
Barnes life memberships. 

Corresponding Members. — During the year 1937 two corresponding 
members of the American Society of Plant Physiologists were lost by death. 
At the Indianapolis meeting, therefore, two new members were elected. The 
two plant physiologists chosen for these honors were Dr. Henry H. Dixon, 
of Trinity College, Dublin, Ireland, known throughout the world for his 
contributions to the problems of ascent of sap, particularly for the cohesion 
theory of sap rise, and Dr. Alfred Ursprung, of Fribourg, Switzerland, 
known best for his accurate measurements of osmotic pressure. To these 
men American plant physiologists extend cordial greetings and best wishes. 
The Society is happy to honor these distinguished men for their great con- 
tributions to plant physiology. 

New England Section. — The New England Section is planning its an- 
nual spring meeting for May 3 and 4, 1938. The meeting is to be held at 
Orono, Maine, under the auspices of the University of Maine. In addition 
to a session for short papers for Friday afternoon, May 3, there will be a 
symposium on the physiology of aquatic plants. Participants in this sym- 
posium will be Dr. F. H. Steinmetz and Dr. G. P. Steinbauer, of the Uni- 
versity of Maine, Dr. W. C. Mxtenscher, Cornell University, and Mr. Clar- 
ence Cottam, of the U. S. Biological Survey. The annual dinner will be 
held as usual on Friday evening, with after dinner discussions. These New 
England Section meetings have been very well attended in the past, and it 
is hoped that all members of the section will plan to attend this meeting at 
Orono. 

Endowments. — The plans which have been developing over a number of 
years for the gradual increase of the general endowment of the American 
Society of Plant Physiologists have now been completed and put into opera- 
tion. The final steps were taken at Indianapolis. In a few years it will be 
possible to estimate the average productivity of the plan as a whole. During 
1937 the general endowment was enlarged from somewhat over $700 to about 
$1200. Much of this growth was obtained through gifts of patrons, but 
there will be steady growth in the future due to other sources of endowment 
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income. It is hoped that the steady increase in the number of patrons may 
continue. Is there any more enduring benefit to mankind which one can 
leave behind him than the possibility of continuously increasing knowledge ? 
Those who become patrons are helping to make more certain the perpetual 
enrichment of human life through scientific investigation. Gifts are always 
carefully safeguarded, and the need challenges conscientious thought on the 
part of all scientists as well as laymen. 

Patrons. — -At the Atlantic City meeting in 1936 the first patrons of the 
Society were elected. Two more were added at the Denver meeting in June, 

1937, and another was added at Indianapolis. The latest addition to the 
ranks is Professor Frank M. Andrews, for many years plant physiologist 
at Indiana University. It is gratifying to know that the aims and purposes 
of our organization are appealing to so many people in terms of permanent 
support. Professor Andrews has conferred a great honor upon the Society 
by this additional evidence of his loyalty, devotion, and generosity toward 
it, a loyalty and devotion which has been expressed in many other ways dur- 
ing the last 15 years. It is a pleasure to record, and to express to him our 
appreciation of his generous aid. 

Bohumil Nemec. — During the last year we have attempted to bring 
closer to American workers the great personalities of our corresponding 
members. In this number we pay our tribute of honor and respect to Dr. 
Bohumil Nemec, who reaches his 65th birthday anniversary on March 12, 

1938. On behalf of all American plant physiologists, we extend to him our 
cordial greetings and good wishes for that happy occasion, and wish him 
long years of usefulness in the field to which he has contributed so ably. In- 
asmuch as the story of the progress of plant physiology in Czechoslovakia 
is so closely identified with the life of Professor Nemec, we are not attempt- 
ing any additional biographical sketch at this time. We are greatly indebted 
to Dr. Prat for his assistance with the photograph which is reproduced in 
this issue of Plant Physiology, and to Professor Frank M. Andrews 
through whose efforts the original was rephotographed to improve the 
reproduction. 



Hans Molisch. — Dr. Hans Molisch was born July 12, 1856, and was 
therefore 81 years old at the time of his death on December 8, 1937. For a 
good many years he had been professor of botany at the University of Vienna. 
He had also been professor of botany at Praha and at Sendai, Japan. A good 
part of his research has been done in the United States, in Java, and also in 
India. At the University of Praha he was director of the Plant Physiological 
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Institute and later also held the. same position in the University of Vienna. 
He was the author of about 200 scientific contributions many of which were 
in the form of books. It would take us too far to enumerate the volumes he 
has written. He alw T ays w r rote in a very interesting* way and with remark- 
able clearness. He succeeded Wiesner and during the last 50 years he has 
been busily engaged -in his scientific investigations. His plant physiological 
investigations have influenced almost every phase of this science. Many of 
his books are absolutely indispensable to the plant physiologist. Among these 
may be mentioned his Mikrochemie der Pflanzen which covers a field in which 
he made many valuable contributions. His correspondence was very large 
but nevertheless he, as w r as true of many other great men, always found time 
to write his letters in long-hand. Professor Molisch travelled extensively 
and wrote several volumes concerning these travels. He was a keen observer 
and always wrote just as interestingly of his travels as of his direct investi- 
gations. On one of these trips he visited the United States. Professor 
Molisch has been the recipient of many honors ; during his 80th year he was 
vice-president of the Academy of Science of Vienna, and at the time of his 
birthday was highly honored and received distinction from many countries. 
In 1935 Professor Molisch was elected a corresponding member of the 
American Society of Plant Physiologists. Those who knew and read after 
Professor Molisch will miss him greatly. He was one of the most famous 
plant physiologists and in his death science has suffered an irreparable loss. — 
Memorial Committee. 

Upendra Kumar Das. — Plant physiology has suffered another serious 
loss in the death of Dr. U. K. Das. He was born in Habiganj (Assam), 
India, July 22, 1902. He attended the University of Hawaii w r here he re- 
ceived the B.S. degree with honors in 1927 and the M.S. in 1930. From 
1927 to 1934 he was Research Agriculturist in the Hawaiian Agricultural 
Experiment Station at Honolulu. He received the Ph.D. degree from the 
University of Minnesota in December, 1935. Although just beginning his 
research work his publications number 15 in the Hawaiian Sugar Planters’ 
Record. His thesis on Nitrogen Nutrition of Sugar Cane was published in 
Plant Physiology 11 : 251-317. 1936. Due to an explosion of apparatus 

in his laboratory he was instantly killed on October 22, 1937. He possessed 
a thoroughly scientific attitude of mind and was eminently practiced in all 
his work. He will be greatly missed by all of his associates and others as 
well. His death is a great loss to plant physiology and to replace him will 
be difficult. — Memorial Committee. 



Chronica Botanica. — This chronicle of botanical progress has been re- 
organized, and becomes a bi-monthly journal instead of a year-book with the 
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issues of 1938. The subscription price has been reduced from 15 to 7 guild- 
ers. The aims of the new journal continue those of the former yearbook, 
with the addition of publication of brief papers and discussions. Its pur- 
poses are to promote documentation, good will, and international cooperation 
among plant scientists. There are eight other sections provided in the new 
journal as follows: scientific communications, forum botanicorum, interna- 
tional congresses, quotations, miscellaneous news, personalia, queries, and 
new periodicals. Those interested in possession of the new journal, indi- 
viduals or librarians, or those who wish to use its facilities in the publication 
of scientific notes; discussion, or news are invited to correspond with Fr. 
Yerdoorn, P.O. Box 8, Leiden, Holland. 

Agrobiology .— The ABC of Agrobiology is the title of a recent book by 
0. W. Willcox, who has written several works in which he intimates that 
agriculture, pursued in the fulfillment of certain mathematical equations, 
would be enormously more productive than it is now. There are 18 chapters 
in this new venture, enough, almost, for an A to Z presentation. 

If all limiting factors could be lifted from plant growth, and if the growth 
capacity of all agrotypes could be built up to theoretical maxima by genetic 
improvement, of course we would have larger yields. But this would require 
perfect climatic conditions, as well as perfect soil conditions, both of which 
are unattainable in any very Considerable- area under cultivation. Mathe- 
matical equations look like accuracy and precision, but they do not help one 
if he lives in a dust bowl ! Furthermore, "Willcox assumes that the per- 
centage of nitrogen which plants will build into their bodies is genetically 
controlled and constant for any given agrotype. He figures out that no 
plant type can take over 318 pounds of nitrogen from an acre of soil. By 
dividing percentage of nitrogen content into this value, he computes theo- 
retically possible yields. 

Against these assumptions, one must place the known facts that one can 
vary the amount and kind of nitrogen present in plants almost at will ; that 
there is no constancy in the nitrogen relations ; that maximum nitrogen intake 
often means decidedly low yielding capacity; that the qualify of fruits and 
vegetables may be ruined by too much nitrogen, etc. The experienced 
grower will have no difficulty in detecting many of the errors involved in 
Willcox ; s reasoning. 

The author evidently intended this book to be % elementary enough to assist 
the lay-gardener, orehardist, and general farmer. Unfortunately there 
does not seem to be much chance that it will help any of them, because it 
does not solve any of their real problems. The book contains 323 pages, is 
offered at $2.75 per copy, and is published by W. W. Norton & Co., New York. 
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PRELIMINARY EXPERIMENTS ON THE RELATION OP 
GROWTH-PROMOTING SUBSTANCES TO THE 
REST PERIOD IN FRUIT TREES 

J . P . Bennett and Folke Skoog 
(with one figure) 

Introduction 

Prolonged rest of leaf and flower buds of fruit trees occurs commonly in 
mild climates as in the western and southern states. It is especially evident 
in springs following mild winters, but may be nearly absent in springs 
following more severe winters. 

Similarly it has been found that the rest period can be artificially pro- 
longed by keeping plants under warm conditions in a greenhouse or can be 
artificially broken by placing the trees in cold storage (2). Many other 
treatments have been used for breaking the rest, but the action of these 
diverse agents has given no clue to the nature of the physiological factors 
responsible for the rest condition. Work on inhibition of lateral buds on 
plants has shown that the growth-promoting hormone, auxin, is a controlling 
factor. There are several reasons for believing that also in the resumption 
of growth by buds of trees, growth-promoting substances are involved. In 
this article results are presented of preliminary experiments undertaken 
from this viewpoint. 

Experimentation 

Determination of auxin in lateral buds of pear and cherry 

The presence and distribution of auxin in lateral buds of trees has been 
studied by Zimmermann (5) . The change in auxin concentration in terminal 
buds of apple during the growing season has been followed by Avery, 
Burkholder, and Creighton (1). In the present work, resting lateral 
buds in which no hormone could be obtained by the standard Avena tech- 
nique, were studied by means of the deseeded Avena test method (4) . In 
November, buds from pear and cherry trees growing in the orchard were 
tested for auxin. The buds were cut at the base of the scales, placed on wet 
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filter paper for 10 to 20 minutes and then individually on standard 2 per 
cent, agar blocks for two hours. The blocks were then tested by the standard 
and also by the deseeded Avena method. No trace of active auxin was found. 
At this time, two-year-old cherry and pear trees were placed in cold storage 
at a constant temperature of 2° C. and comparable trees were moved into a 
greenhouse at a minimum temperature of approximately 15° C. At intervals 
buds from each of a number of previously selected comparable branches on 
the different trees were tested for the presence of auxin. 

The results are summarized in table I. For small concentrations of auxin, 
curvatures reach a maximum not later than 4 to 5 hours after the blocks are 
applied. After longer times of application, traces of activity comparable to 
those produced by substances which can be converted into auxin were 
obtained. It can be seen that in the first four tests no curvatures character- 
istic of auxin were obtained. The next three experiments indicate that such 
a substance accumulates in the buds in cold storage but not in those in the 
greenhouse. The later experiments show that after an extended exposure 
to low temperature either in cold storage or in the field the buds are able 
to cause relatively large characteristic auxin curvatures in deseeded plants 
and also give significant curvatures in standard tests. From buds in the 
greenhouse, however, no response could be obtained. Soon after the appear- 
ance of auxin an increase in size of the buds w T as observed. In the tests made 
March 4 and 5, cherry buds from cold storage had leaves protruding about 
1 mm. above the scales. The buds of cherry and pear from the field, tested 
March 4, were slightly more developed, as were the cherry buds from cold 
storage in the last test, May 3. It is realized that many metabolic changes 
occur during breaking of the rest period. The liberation of auxin in the buds 
may be one result of these changes essential for resumption of growth. 

Breaking of the rest period by added growth-promoting substances 

The results presented above indicate a possibility of breaking prolonged 
rest periods of buds by the administration of growth-promoting substances. 
Besting one-year-old pear, apple, and peach trees grown continuously in a 
warm greenhouse were used. Tips were removed from selected branches and 
dilute aqueous solutions of the substances listed in table II were passed into 
the trees through the cut ends. The effect of the treatments on the develop- 
ment of buds was noticeable two to four weeks after application. The 
final observations, April 1, are summarized in table II. It can be seen that 
on trees receiving no treatment a few buds grew on two pear trees, one on two, 
apple trees, and none on peach trees. In trees injected with water, usually 
one to three buds next to the cut end on the injected branch grew, but not 
vigorously. In trees injected with DN, tryptamine, or vitamin B a the num- 
ber of developing buds was no greater than in those injected only with water. 
But the application of vitamin B x possibly caused more vigorous development 



[OUNTS OF AUXIN, IN DEGREES, OBTAINED FROM LATERAL BUDS PLACED ON AGAR BLOCKS FOR 2 HOURS, AS DETERMINED BY DESEEDED Avena METHOD. 

Each figure represents the mean of ten to twelve buds. The negative values represent auxin activity 
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of the buds that grew. Tryptophane was applied to peach trees only. It 
caused weak growth of a number of buds along the injected branch. {3-indole- 
acetic acid (heteroauxin) produced moderate growth of buds from tip to base 
of injected branches and some development near the bases of lower adjacent 
branches in peach trees, while in pear trees it caused moderate development 
of a few scattered buds on injected and adjacent branches. 

The best development of buds was obtained by the injection of a prepara- 
tion obtained by a series of extractions of autolyzed brewers’ and bakers’ 
yeasts. On treated peach trees the buds grew vigorously along the injected 
branches and on the lower parts of adjacent branches. In the treated apple 
trees which were relatively small and had only a few branches, the dosage 
was too large, so that the upper portions of the stems were damaged. Be- 
low the damaged regions, however, buds developed along the entire stems. 
On pear trees (fig. 1) the development of buds extended from the point of 
injection throughout the entire tree. 


V 

Pig. 1. The effect of injected yeast extract on Bartlett pear trees, 
right, treated. 
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On the peach trees the developing shoots grew to lengths of 2 to 12 cm., on 
the pear trees, to lengths of 4 to 12 cm. and then ceased growing. On the 
apple trees, however, elongation continued until the shoots were 25 to 50 
cm. long. 

Discussion 

The results of these experiments demonstrate again that low temperature, 
either in the field or in cold storage, is essential for normal breaking of the 
rest period. As a result of exposure to low temperature a precursor of auxin 
accumulates in the buds, followed by the gradual appearance of auxin. Its 
appearance in the buds is correlated with ending of the rest. Our results are 
in striking agreement with the work of Mirov (3) who demonstrated that in 
resting seeds of sugar pine no active auxin is present, but that upon strati- 
fication in cold storage, auxin gradually appears in considerable concentra- 
tions, and that parallel with its appearance the seeds are able to germinate. 
The results presented here also show that rest can be broken by the admin- 
istration of certain growth-promoting substances. Further experiments on 
a larger scale than as yet has been possible are necessary to determine the 
active component from yeast, and to determine the relative effectiveness and 
relationship of the different active substances. Merely arbitrary dosages 
were chosen above. The fact that heteroauxin in these experiments was 
found to stimulate the growth of resting buds is not to be considered con- 
tradictory to its known inhibiting action on bud development under differ- 
ent physiological and experimental conditions. 

University of California 
Berkeley, California 

LITERATURE CITED 

1. Avery, G. S. Jr., Burkholder, P. R., and Creighton, Harriet B. Pro- 

duction and distribution of growth hormone in shoots of Aesculus 
and Malus , and its probable role in stimulating cambial activity. 
Amer. Jour. Bot. 24: 51-58. 1937. 

2. Coville, F. Y. The influence of cold in stimulating the growth of plants. 

Jour. Agr. Res. 20 : 151-160. 1920. 

3. Mirov, N. T. The relation between hormone content and germination of 

seeds of Finus jeffreyi Murr. and Finns lanibertiana Dougl. (In 
press.) 

4. Skoog, Folke. A deseeded Avena test method for small concentrations 

of auxin and auxin precursors. Jour. Gen. Physiol. 20: 311-334. 
1937. 

5. Zimmermann, "W. A. Untersuchungen fiber die raumliche und zeitliche 

Yerteilung des Wuchsstoffes bei Baumen. Zeitsehr. Bot. 30: 209- 
252. 1936. 




PLANT DIASTASE IN EVIDENCE AS TO THE FORMATION AND 
STRUCTURE OF STARCH GRANULES 1 

George L. Teller 
(with seven figures) 

Introduction 

In a recent paper (3) evidence was presented as to the existence of two 
distinctive sugar-forming* plant diastases. These diastases occur together in 
certain cereals and in various other plants; but in many plants only one of 
them is apparent. No reference was made in that paper to a third type 
predominately liquefying, which accompanies these two and which is essential 
to the purpose which they serve. This latter diastase can best be understood 
by stating the characteristics of the other two. 

Investigation 

In a study of different parts of the wheat grain, weighed quantities of 
finely powdered material of each part were digested in water at 20° C. for 1 
hour. Starch paste was then added, and the diastase was allowed to act 
upon it during the following hour. A plain 2 per cent. Lintner starch paste, 
pH about 6.2, was used in comparison with a similar paste buffered with 
sodium acetate and acetic acid to a pH of about 4.5. The maltose formed 
by the diastase in the flour was materially increased in the more acid starch 
over that in the plain starch. Bran from the same wheat gave opposite 
results, except at lower temperatures. The results from the bran of this 
wheat after germination were like those from the bran of ungerminated wheat 
but were more pronounced. 

Further investigation showed that these conditions were caused by two 
distinct types of diastase. The type predominating in the flour is more 
active in acid media, so that when the quantity of maltose produced in the 
more acid starch (pH about 4.5) is divided by that produced in the less acid 
starch (pH about 6.2) the ratio is greater than one. With the type which 
predominates in bran, however, the reverse is true. 

Studies carried out under various conditions showed that 60° C. is an 
appropriate temperature to use to determine which of these two types of 
diastase predominate in any plant substance under investigation. Table I 
shows an example of the different activities found in different parts of the 
wheat grain at different temperatures, and with contrasting pH. It is here 
shown that both flour and bran contain much diastase. The relative amounts 
present cannot easily be stated because of differences in the conditions under 

i Presented, in substance, at the meeting of the American Society of Plant Physiolo- 
gists at Atlantic City, December 31, 1936. 
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which they give best results. The diastase in the germ is of the type found 
in the bran but it occurs in distinctly smaller amounts. 

TABLE I 

Diastatic activity in parts op an* ungerminated Kansas wheat* 


Temperature op activity 

20° C. j 60° C. 


Kind op starch 


Parts of wheat 

Plain 

Buffered 

Plain 

(A) 

Buffered 

(B) 



pH OF SUBSTRATE 

100 X RATIO 

B to A 


6.2 

4.5 

6.2 

4.5 


Maltose 



mg. 

mg. 

mg. 

mg. 


Flour 

185 

280 

71 

148 

208 

Bran 

106 

122 

121 

68 

56 

Germ 

28 

28 

83 

23 

28 


* Fifty mg. of each finely ground material digested in 5 ec. water at 20° C. for 1 hour. 
Added to each portion at the desired temperature, 50 cc. of 2 per cent. Lintner starch paste. 
Mixture digested for 1 hour. Maltose calculated to mg. in each tube. 


Following the methods just mentioned, a survey has been made of the 
diastase in a very wide range of plant substances. The results are such as to 
indicate the presence of a uniform system throughout the vegetable kingdom. 
Determinations have been made on the carefully separated parts of newly 
formed and immature seeds. Diastase was nearly always found in consider- 
able quantities. In some specimens ( e.g rice) the amount was too small to be 
determined without the use of an inconveniently large quantity of material. 
In a large number of varieties of wheat and closely related cereals there was 
evidence of both types of diastase. In general the distribution was as in the 
mature and germinated grain. The one type predominated in the starchy 
endosperm, the other in the bran . 2 

Among germinated grains the two types showed clearly in wheat, barley, 
and rye. The results with oats, Indian corn, buckwheat, and others indicated 
the bran type only. Where both types of diastase are present, the sugar 
formed at any one point as fixed by pH and temperature is a resultant of 
the combined action of the two. The significance of this in determining the 
diastatic value of malt is apparent. 

2 Flour and starchy endosperm are here used interchangeably. In these separations, 
as in wheat milling, the aleurone layer, classed as part of the endosperm, always forms 
part of the bran. 
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Soy bean material was examined under many conditions. In all stages 
the flour type of diastase predominated in the cotyledons. The bran type 
was present in the skin. This was most readily observed in the immature 
beans. The bran type was also found in the pods and leaves. 

Many roots, tubers, and bulbs show the bran type of diastase. A few 
showed the flour type to predominate. The edible sweet potato showed the 
flour type in a marked degree. Young shoots from the germinating sweet 
potato, and later the fully developed leaves, showed the bran type. The 
amount of diastase is very considerable in both the sweet potato and its shoots. 

Leaves from many species of flowering plants selected to cover the entire 
range of both monocotyledons and dicotyledons showed the bran type of 
diastase to predominate in all of them. Taka-diastase from molds, and indus- 
trial diastase from bacteria, also showed these properties. This bran type of 
enzyme appears to predominate wherever active vegetation is taking place, 
and in most cases to such an extent as to exclude the other type. Because of 
this fact it has elsewhere been called vegetative diastase. At the same time, 
the type which predominates in flour and in certain other reserve material 
was called reserve diastase. 

The comparison of these diastases has been extended much beyond the 
methods here described. In a recent series of experiments the predominating 
diastase in the flour of ungerminated wheat and the predominating diastase 
in the bran of germinated wheat were prepared in a greater degree of purity 
by fractional precipitation with alcohol from water extracts of the flour and 
bran. Solutions of these diastases in water were combined with 2 per cent, 
pastes from raw potato starch. Successive portions of this paste had been 
brought to different pH by equal quantities of sodium acetate and suitable 
quantities of acetic acid or decinormal sodium hydroxide. 

To contrast the action of these diastases, the amounts of maltose produced 
at 60° C. in different portions are plotted in figure 1. Previously compari- 
sons had been made with other and like precipitates using Lintner starch 
paste. In general the results were as here shown, but somewhat modified 
because of the partial removal of the starch coating by acid used in the prepa- 
ration of that type of starch. 

A study of vegetative diastase has been greatly facilitated by a liberal 
sample of bacterial diastase 3 sufficient for a long period of use. In this study, 
results have been obtained showing its activity at different temperatures in 
starch pastes of different pH and under other conditions. These studies 
included fractional modification or destruction of parts of the diastase by 
heat. 

Figure 2 shows the relation of this bacterial diastase to the diastase of 
flour at 60° 0. in pastes of varying pH. The graphs are similar to those in 

3 Kindly supplied by Wallerstein Laboratories, New York. 
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figure 1 with diastase separated from water extracts of flour from ungermi- 
nated wheat and from the bran of germinated wheat. Here the bacterial 
diastase, like that from the bran, gives abundant maltose in starch of the 
higher pH, and in a restricted amount in starch of the lower pH. 

The temperature range of activity of this bacterial diastase is found to 
extend from about 0° C. to the local boiling point of water (97° C.) with a 
maximum activity between 50° and 60° C. The pH range in the more favor- 
able temperature is from about 3.8 to 7.8. The optimum pH in the more 
favorable temperatures is about 5.2 to 6.2 with a tendency toward the latter 



Fig. 1. Maltose formed in 60 min. at 60° G. by diastase precipitated from water 
extracts of bran of germinated wheat and flour of ungerminated wheat. Substrates were 
50-ee. portions of 2 per cent, pastes of raw potato starch, with ten different pH values 
obtained by buffering with sodium acetate, acetic acid, and decinormal sodium hydroxide. 
Values given are as found at 25° C. Eeduction was determined with potassium ferri- 
cyanide, using Blish and Sandstadt tables (i) . 

value. At about 65° C. there is a rapid falling off in the amount of sugar 
produced and a steady decrease in activity from this temperature upward. 

* The optimum conditions for the activity of liquefying diastase are so 
similar to those for this latter sugar-forming diastase that actual separation 
of the two is difficult. Their properties and differences have been compared 
by other means. When a suitable amount of liquefying diastase is present 
there is at suitable temperature and pH a rapid clearing of the opalescence 
of starch paste. With the bacterial diastase used, even as little as 1 mg. in 
water added to 50 cc. of paste containing 1 gm. of raw starch will, under 
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suitable conditions, become clear within one-half minute. The optimum tem- 
perature for this clearing is from 70° to 80° C. with a pH of about 6.8. In 
all of the many tests made under different conditions, this change has been 
accompanied with the production of a small amount of sugar. The liquefy- 
ing diastase of germinated wheat and other cereals was found to have proper- 
ties similar to those of the diastase from bacteria, but specimens from these 
sources seemed to be less suited to detailed study. 



Fig. 2. Maltose formed by 1 mg. bacterial diastase and diastase in water extract 
from 100 mg. flour of ungerminated wheat. Other conditions as for figure 1. Note simi- 
larity of graph for bacterial diastase and for precipitated diastase from wheat bran. 

With 5 mg. of bacterial diastase used in a 2 per cent, paste of 1 gm. of raw 
potato starch (pH 6.8), the liquids cleared in one-half minute. At six tem- 
peratures differing by 10 degrees each, the amount of reducing substance 
produced, calculated as maltose, did not in any case exceed 2 per cent, of the 
original starch. At 97° C. the clearing was complete in three-quarters of a 
minute. If longer time is allowed for the clearing, it will take place after 
the diastase has been in boiling water for several minutes. This emphasizes 
the resistance of the liquefying diastase to heat. When heated in water solu- 
tion at 90° C. for 10 minutes, then added to 2 per cent, paste of raw potato 
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starch at 40° and 50° C. and the liquid held at these temperatures, the 
formation of sugar proceeded slowly for many days. The sugar first formed 
gave phenyl-hydrazine reaction for maltose. In later stages, reaction for 
dextrose was obtained. The clear blue test with iodine obtained in the early 
stages of this reaction gradually gives way to violet, red, and yellow. 

Bacterial diastase was heated in water for 10 minutes at 85° and 90° C. 
Equivalents of 7 J mg. each were then added to several 50-ec. portions of 2 per 
cent, unbuffered paste from raw potato starch, pH about 6.8, and kept at 
50° C. In three hours, 95 per cent, and 90 per cent, of the opalescence had 
disappeared with reduction equivalent to 7 and 5 mg. of maltose respectively. 
At 20 hours, solutions were completely clear, with reduction equal to 55 and 
30 mg. of maltose. Reduction steadily increased, and at 312 hours showed 
an equivalent of 415 and 385 mg. of maltose. 

Figure 3 shows graphs of sugar production with 1 mg. of unheated 
diastase in comparison with 50 mg. of the diastase heated at 80° and 85° C. 

TABLE II 

Activities of bacterial diastase after heating in water at 95° C.* 






Hours digested 



diastase 

Minutes 

HEATED 

Tempera- 


40 HOURS 



64 hours 


digestion 

Maltose 

Condi- 
tion of 

LIQUID 

Iodine 

REACTION 

Maltose 

Condi- 
tion OF 

LIQUID 

| Iodine 

1 REACTION 

m 

°C. 

mg. 


' 

mg. 



5 

40 

40 

Clear 

Blue 

■ . 

58 

Clear 

Blue 

8 

40 

81 

Eaint 

Cloud 

Blue 

44 

Clear 

Blue 

11 

40 

22 

1 Eaint 
Cloud 

Blue 

30 

Clear 

Blue 

5 

50 

60 

Clear 

Blue 

87 

Clear 

Violet 

8 

50 

51 

Clear 

Blue 

96 

Clear 

Violet 

Blue 

11 

50 

23 

Eaint 

Cloud 

Blue 

33 

Clear 

Blue 


* Three lots of 250 mg. bacterial diastase heated in 100 cc. water for 5, 8, and 11 
minutes, cooled and 3-cc. portions added to 50 cc. of 2 per cent, paste from untreated potato 
starch. This is equivalent to *l\ mg. of diastase to 1 gm. of starch. One series was 
digested at 40°C. the other at 50° C. Solutions were examined at intervals. Examples 
given show the amounts of maltose formed in 40 and 64 hours, with other observational 
data. 
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for 10 minutes. The pH value of the substrate was about 5.2 at 25° C. but it 
changes consistently with the temperature. The change in relative positions 
of the graph lines with these changes is significant. Near 65° C. they cross 
each other. The sugar formed by 50 mg. of the liquefying diastase which 
has survived heat for 10 minutes at 80° C. is now distinctly higher than from 
the smaller amount of liquefying diastase in the 1 mg. of unheated material. 



Degrees C 

Fig. 3. Maltose formed in 60 min. at different temperatures in 50-cc. samples of 2 per 
cent, raw potato starch paste, pH 5.2 at 25° G. A = 1 mg. diastase not heated. B = 50 mg. 
diastase from 1 gm. heated in 100 ce. water at 80° C. for 10 min. C = 50 mg. diastase 
from 1 gm. heated in 100 cc. water at 85° C. for 10 minutes. Boiling point of water 
was 97° C. 

On the other hand the 1 mg. of unheated diastase produced a very much 
larger proportion of sugar below the critical temperature of 65° to 70° C. 
than was produced by 50 mg. of the heated diastase. Similar changes were 
found in all of a large number of determinations under different conditions. 
With 50 mg. of diastase heated to 85° C. the sugar formation at the higher 
temperatures still equals that from the 1 mg. of unheated diastase, but in 
this ease there is much less sugar formation at the lower temperatures than 
with either of the other portions. These data, in connection with other infor- 
mation, indicate the presence of two types of diastase in this group : a pre- 
dominantly sugar forming type and a predominantly liquefying type. 

The problem of the starch granule, its structure, and its formation is 
intimately associated with the problem of diastase. A study of the diastases 
sheds new light on both problems. By use of the diastases the obscurity 
which surrounds the formation of starch granules has been removed and 
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something of what lies beneath has been observed. Figure 4 shows a series of 
stages in the breaking down of natural, uncooked potato starch under the 
slow action of bacterial diastase ; figure 5 shows potato starch in formation ; 
and figure 6 shows some instructive miscellaneous potato starch formations. 
Numerous photographs were made of selected specimens as they lay scattered 
among others under the microscope. For repeated examinations, the micro- 



Fig. 4. Potato starch disintegrated by bacterial diastase. 1, coating partly removed. 
2, coating completely removed. S, granule much swollen showing break at right angles to 
longer axis. 4, group of segments forming long point. 5, segments loosened and spread. 
6, smaller group showing long segments. 7, enlarged granule showing loosened segments 
closely grouped. 8, segments of tree-like formation. 9, smaller segments. 

scopic slides with the starch in the solutions of diastase were kept moist in a 
covered petri dish at a temperature somewhat below the gelatinizing point of 
the starch. Vegetative diastase, whether obtained from bacteria, from ger- 
minating seeds, or from other materials, is similar in its action. 

The numbers in parentheses in the following paragraphs correspond to 
the numbers (1 to 27) in figures 4 to 6. At first the outer coating of the 
starch grain is eaten away in patches (1). When this is completely removed, 
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the remainder of the granule presents a surface of jagged points suggesting 
an Osage orange (2). Gradually the granule becomes enlarged from the 
absorption of liquid (3). In many eases numerous spaces are seen between 
the points, leaving a deeply serrated edge. Frequently a crack appears 
across this enlarged granule and at right angles to the main axis. The parts 



Fla. 5. Potato starch in formation. 10, wisps of loose starch substance lightly- 
stained with iodine. 11, more concentrated aggregate of starch substance. 12, another 
aggregate with slight coating at bend. 13, circular granule with light coating. 14, group 
of aggregates with light coating. 15, well-shaped granule with coat forming from border 
toward center. 16, coating extending from border toward center. 17, coating more nearly 
complete; granule more coated and blued with iodine. 18, group of completed and nearly 
completed granules, one at center with new starch aggregate near end. 

separate. One shows a long point (4, 23, 24), the other a funnel-shaped 
opening from which the point was withdrawn (24). 

As these parts disintegrate they are seen to have been made of series of 
small segments. Some are long, straight, and narrow (6). Others are bent, 
with the broader end abutting the surface at nearly right angles (5). The 
narrow end of these is directed toward the so-called point of growth and the 
tip of the long projection first mentioned (4) appears to stop at that point. 
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Those segments from the end nearest the point of growth are short, showing 
triangular or wedgeshaped outlines (9). Sometimes the segments show a 
treelike formation (8). These may separate and become much enlarged as 
by the absorption or imbibition of water. Many segments are seen with 
channels through them, and appear to be tubular in form. This is sometimes 
due to spaces between two or more of them, but even very minute single seg- 



Fig. 6. Miscellaneous potato starch formations. Nos. 19, 20, 21, granules with in- 
terior partly digested from within the incomplete coatings. 22, swollen granule without 
coatings. 23, parted granule as in 24 with point upward. 24, parted granule showing point 
and pit from which it was withdrawn. 25, granules with new starch formation between 
them showing loosened coatings with ends bent back. 26, 27, monster granules without 
coatings. 

ments show this apparent tubular construction. It was first noticed under 
the slow action of diastase from germinated Indian corn. These various 
fragments are blued with iodine. With very dilute iodine they do not show 
solid color, but are blued in parts as if made of more than one substance. 

It is commonly accepted that enzymes not only break down, but, under 
other conditions, build up the food reserves. In the young growing potato 
we see something of how starch granules are formed. Thin, hazy, irregular 


TELLER: PLANT DIASTASE AND STARCH GRANULE FORMATION 237 

aggregates of matter appear as starch on staining slightly with very dilute 
iodine (10). Various others are becoming gradually more dense (11, 12). 
Still others are seen partly covered with a thin coating (13, 14) . The ragged 
outline of the irregular aggregates is being subdued and becomes shaped 
more nearly in the form of a granule. Sometimes irregular portions of con- 
siderable size extend from the main portion (12). Others are seen with a 
heavier coating showing on the surface, the characteristic appearance of a 
typical granule, but disconnected in places (15, 16, 17). 

These incomplete granules can readily be seen scattered among many 
granules by adding a little dilute iodine. This stains the exposed interior a 
deep blue while the coating and grains fully coated are little affected. The 
antecedents of the granules, the appearance of the exposed interior of the 
incomplete granules, and the results of the action of diastase on them show 
clearly their lack of organization. When diastase acts on the interior it is 
eaten away, leaving the coating as a partial shell (19, 20, 21, and many more 
perfect specimens not here shown). In these imperfect granules we do not 
obtain the same characteristic segmentations by the continued action of 
diastase as is found when it acts on mature granules. 

The enlargement of granules by deposit of starch aggregates on the sur- 
face is frequently seen (18). These become coated as was the original 
granule and thus become a part of it. Frequently during this process the 
coating is seen to have been dissolved and the loose ends spread or folded back 
(25). Numerous large granules show clearly from their outlines that they 
have been enlarged in this way. 

That this general method of starch formation is not confined to the potato 
is apparent from a similar but less complete study on frosted wheat. Here 
the kernels are still green from being stopped in the midst of their develop- 
ment. The partially formed granules are somewhat as described for the 
potato. Photographs of various starches seen in the extensive work of 
Reichert (2) give evidence of such formation of the starch of other plants. 
However, the starches used for those several hundred photographs had been 
separated and purified by washing in water (part I, p. 299). This must 
necessarily remove a considerable part of the partially formed granules. 
This volume contains much excellent information concerning the previous 
literature on starch. 

Some unusual photographs are seen in figure 6. In one new potato 
several large swollen granules were noted. They had thin coats over them. 
Under the influence of bacterial diastase one was seen gradually to loosen 
this coat. It then formed a crack and separated into parts leaving the usual 
long point on the one part and the pit in the other. In various instances the 
point of a separated granule was directed upward (23). The general uni- 
formity of the outlines of the two parts of a separated granule are shown in 
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figure 6 (24)* The enlarging of a starch granule by formation of an aggre- 
gate of starch substance between two granules was occasionally seen (25). 
Here a part of the coating on each has folded back to permit the inclusion of 
the new aggregate. In one new potato several uncoated monster granules 
were seen (26, 27). In dilute iodine these stood out as an intense blue mass. 
That no coating surrounded them was clearly apparent. This emphasizes the 
point that in the formation of the starch granule, as in its dissolution, two 
active agents take part. 

In a review of these observations in early April new potatoes, so immature 
that the skin has peeled freely in shipping, showed many starch granules in 
the process of formation as described. In several other potatoes, new but 
more mature, the newly formed granules were rare. This is construed as 
further confirming the usual sequence in formation of starch as here 
described. 

During the present summer (1937) opportunities have been found for 
a further study of young and growing specimens of starch-producing sub- 
stances. These have included certain cereals, tubers of the spring beauty, 
and other early flowering plants, besides acorns, thus representing widely 
different families. Some tubers of the Colorado wild potato ( Solanum 
jamesii) have also been useful. In the many observations made, there was 
abundant evidence in all these specimens of conditions similar to those in 
new potatoes. 



Fig. 7. Starch from young spelt. 

In spelt, wheat, barley, and rye, seeds were taken shortly after blossoming 
and later. At first very minute starch granules were seen. Soon larger 
crescent shaped granules appeared. From the inner side of many of these a 
projection was seen. They then showed an outline similar to that of a section 
through the center of the ordinary cultivated mushroom and parallel to the 
stem. Gradually there were larger granules and the crescent became filled 
much as the moon fills during the second quarter. During this stage the 
inner portion is often seen to be imperfectly coated while the outer curve 
shows a distinct coating. These forms are seen in figure 7. In many of 
these seeds, especially in rye, loose aggregates of coagulated starch substance 
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are seen. These appear as loosely constructed flat discs, such as when coated 
would form flat or lenticular starch granules like those common to these 
cereals. 

The specimens of Colorado potato tubers examined showed many uncom- 
pleted granules and many partly coated aggregates of starch substance. 
When an active diastase acts upon these imperfect granules the interior is 
often eaten away leaving portions of overhanging starch coating. This has 
been seen when using the diastase of malt, molds, bacteria, the saliva, and 
the pancreas. The ragged overhanging starch coating seen in this way shows 
a marked contrast to the well-rounded edges of the newly formed coating as 
seen in slides prepared without the added diastase. These contrasts may be 
seen in the upper row of figure 6 in comparison with specimens shown in 
figure 5. 

Summary 

1. The grains of certain cereals, and parts of some other plants, contain 
two types of sugar-forming diastase. Both are markedly influenced by 
changes in temperature and pH but in opposite directions, especially at the 
higher temperatures of their activity. The one predominates in the flour of 
wheat, the other in the bran, although both are present in each. The opti- 
mum pH value for the former is about 4.5, and for the latter about 5.3 and 
above. 

2. That type of diastase which predominates in wheat bran is widely 
distributed in the vegetable kingdom. It is most abundant where active 
vegetation is taking place, and, with the liquefying type, may be called vege- 
tative diastase. These two are the types which develop most prominently 
during germination. That type which predominates in flour is limited in 
its distribution. It is present in certain substances containing much reserve 
starch and may be called reserve diastase . 

3. Closely associated with the vegetative sugar-forming diastase is another 
which is predominantly liquefying in its properties. Under suitable condi- 
tions it will clarify starch paste with great promptness leaving a water-clear 
solution. Immediately after liquefying, this solution gives a clear blue with 
iodine and may contain only very small quantities of reducing substance. 
Under other conditions liquefying diastase removes the outer coating from 
starch granules and exposes the interior to the action of the other diastases. 

4. By a careful study of young growing potatoes, starch granules are seen 
in various stages of development. There is first a thin amorphous haze which 
is blued by very dilute iodine. This is followed by successive stages of more 
dense aggregations. Around each a coating forms. This binds the interior 
into the completed granule and protects it against solution. Granules are 
often enlarged by deposits of starch substance at one or more points on the 
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surface. The coating is extended to cover this and the whole becomes part 
of the enlarged grannie. Evidence of similar starch formation is seen in 
developing wheat grains and elsewhere. 

5. The interior of the granule, as first formed, is amorphous. Later, and 
apparently only underneath the coating, it becomes organized into series of 
segments. When the coating is carefully removed as by liquefying diastase, 
groups of segments, and eventually many segments, are gradually released. 
These appear as various regular forms, often of geometric outlines; some- 
times funnel shaped, sometimes arborescent. Acted on further by diastase 
they diminish in size, then pass wholly into solution and we find soluble 
starch, dextrin and/or sugar in their stead. 

The author is greatly indebted to Dr. Fritz Laun of the Columbus Lab- 
oratories for his patience and painstaking efforts in photographing the speci- 
mens selected to illustrate points here given. 

The Columbus Laboratories 
Chicago, Illinois 
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RESPIRATORY BLOCK IN THE DORMANT SPORES OP 
NEUROSPORA TE TEAS PERM A 

David R . Goddard and Paul E. Smith 
(WITH FIVE FIGURES) 

Introduction 

Shear and Dodge (26) have shown that the aseospores of Neurospora 
tetrasperma are dormant, but that they may be induced to germinate by a 
short period of heating. This process of heat activation was studied by 
Goddard (7), who found that heating the dormant spores to temperatures 
of over. 50° C. for a few minutes induced germination two to three hours 
after returning them to room temperature. Further, he found that the 
activation is reversible. If the respiration of the activated spores was pre- 
vented for several hours by anaerobic conditions or the addition of cyanide, 
upon returning to conditions favorable for respiration, the spores failed to 
germinate; that is, they had been de-activated. If the de-activated spores 
were re-activated by a second heat treatment, they germinated normally. 
The activation of the spores induced a large increase in the respiratory rate 
(8 to 40 times), and this high rate of respiration had to continue for two 
to three hours if germination was to occur. Upon germination, a second 
increase in the respiratory rate was found, nearly doubling that of the acti- 
vated spores. Thus, he recognized three phases in the rate of respiration 
of the aseospores: (1) that of dormant spores, (2) that of activated spores 
(one-half hour to two hours after the heat treatment), and (3) that of ger- 
minating spores (the spores in which germ tubes may be seen under the 
microscope). 

In this paper we have tried to determine what constitutes the respiratory 
block of dormant aseospores of Neurospora tetrasperma , or, conversely, what 
part of the respiratory mechanism undergoes heat activation. It is to be 
realized that activation and germination occur readily in distilled water, 
so that an external substrate is not essential for activation or germination. 
We may assume concerning the respiratory systems of dormant and acti- 
vated spores, either (a) that the dormant and activated respiratory mech- 
anisms are qualitatively dissimilar or even independent, and that heat treat- 
ment causes a de novo appearance of a system inactive in dormant spores, 
or (b) that the same mechanism is functional in dormant and activated 
spores, but that in dormant spores the rate is limited by the slowest process 
in the total reaction chain, and that this slow reaction is greatly accelerated 
by the heat treatment, allowing the total respiratory chain to proceed at 
the rate found in activated spores. If the first assumption is correct, the 
respiratory block is the inactivity of the reaction which prevents the second 
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respiratory mechanism from functioning, while if the second assumption is 
correct, the limited activity of a certain reaction constitutes the respiratory 
block. 

We have accepted the Warburg-Keilin scheme of cellular respiration 
as a working theory, and we have summarized this scheme in abbreviated 
form in diagram I. For reviews of this theory, see Keilin (10, 11) and 

DIAGRAM I 


PHAEOHEMIN- — CYTOCHROME — DEHYDROGENASE THEORY 


(1) Reduced 
phaeohemin 


-f- 0 2 


(2) Oxidized , Reduced 
phaeohemin ‘ cytochromes 


Poisoned , Oxidized 
by GO phaeohemin 


Poisoned 


— > 

by HCN 


Reduced , Oxidized 
phaeohemin cytochromes 


(3) Oxidized , Reduced Reduced , Oxidized 4- H O 

cytochromes ' dehydrogenases cytochromes dehydrogenases ' 

(4) Reduced , Oxidized Oxidized .Reduced 

substrate ' dehydrogenase substrate ' dehydrogenase 


Oxidized substrate may undergo reaction with a second dehydrogenase, or it may undergo 
decarboxylation and then oxidation. Flavine enzyme, coenzymes, etc., omitted. Either 
(3) or (4) inhibited by urethanes. 


Meldrum (17). Certain workers have long believed that the first reactions 
in respiration are identical with the first steps of alcoholic fermentation. 
The older literature supporting this opinion is reviewed by Kostychev 



Fig. 1 . The effect of 0.001 M. HCN on the respiration of dormant and activated 
aseospores, 6.48 mg. dry weight of spores per vessel. The arrow indicates the beginning 
of germination. 
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(13) and, more recently, by Turner (32). Since in the work which follows 
we have had to discuss certain reactions which are usually considered as 
part of the mechanism of alcoholic fermentation, we have summarized the 
Meyerhop-Kiessling theory of alcoholic fermentation in diagram II. For 
a review of this theory, see Meyerhof ( 19 ) and Meyerhof and Kiessling 
( 22 ). 

DIAGRAM II 

MeYERHOF-KiES SLING SCHEME OF ALCOHOLIC FERMENTATION 


Initial 

phase 


(1) Glucose + Hexosediphosphate + 2H 3 PO d ^ ~~^4 triosephosphate 


poisoned by 

(2) 4 triosephosphate ^ ^ 

iodoacetate 


2 phosphoglyeeric acid and 
2 glycerophosphoric acid 


Stationary 

phase 


poisoned by 

(3) 2 phosphoglyeeric acid < > 2 phosphopyruvic acid 

NaF : 

(4) 2 phosphopyruvic acid f glucose > hexosediphosphate and 

2 pyruvic acid 

carboxylase 

(5) 2 pyruvic acid — i > 2 acetaldehyde -1- 2 C0 2 

co -carboxylase 

catalyzed by 2 triosephosphate 

(6) Glucose + 2H 3 PCb + 2 acetaldehyde » and 2 acetal- 

hexosediphosphate dehyde 

(7) 2 triosephosphate P 01S0ne( * by 2 phosphoglyeeric acid and 

and 2 acetaldehyde iodoaeetate 2 alcohol 


Methods 

The Neurospora tetrasperma culture was the same strain used in the 
earlier work (7), and the same method of collecting and separating the 
ascospores was followed. The cultures were grown at 25° C. for three to 
four weeks in 500-ml. Blake bottles on 35 to 50 ml. of agar 0.5 per cent, for 
glucose and Dif co malt extract. The spores were stored at constant relative 
humidity over saturated NH 4 Cl/solid NH 4 C1. In the earlier experiments 
the spores were stored at room temperature, but in the later experiments at 
about 4° C. Spores stored at room temperature gave fairly uniform results 
for several weeks; those stored at 4° C. have given very uniform results over 
several months. In the experiments reported here, the spores from more 
than four thousand cultures were used, and we wish to thank Miss Eugenia 
Sheridan who has carried out much of the laborious culture work. 

All measurements were made with the Fenn (6) volumetric micro- 
respirometer, at 25° C., unless stated to be at 15° C. This instrument is a 
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closed system, and is very satisfactory for the low rates of dormant spores. 
The rate of shaking was 180 complete cycles per minute, through an arc of 
1.5 cm. A small spherical glass bead was included in each vessel to en- 
hance stirring. The high density (about 1.18) of the spores caused some 
shaking difficulties, but in none of these experiments was the rate of shaking 
limiting. Carbon dioxide was absorbed in KOH insets, unless respiration 
was measured in the presence of carbon dioxide; in this case, Warburg ; s 
indirect method (5) was used. In the HCN experiments (Krebs, 14), 
KOH/KCN mixtures were used in the insets. The spores were suspended 
in M/60 phosphate buffers at a pH of 5.4 or in distilled w T ater. The sub- 
strates and poisons were neutralized and made up in the same buffer. The 
poisons or substrates were added to the vessels at the beginning of an ex- 
periment, with other vessels serving as controls. All experiments were run 
in duplicate, and the experiments reported are only a few of many which 
gave similar results. The volume of cells used in an experiment was deter- 
mined by centrifuging to constant volume in hematocrit tubes. Very uni- 
form results may be obtained with Neurospora spores by this means. In a 
few cases, both dry weight and hematocrit determinations were made on the 
same suspension, and it was found that the volume multiplied by 0.36 equals 
the dry weight. In most experiments, the - Qo 2 was calculated from volume 
determinations by the use of this factor. 

The spores as collected were dormant. Activation was accomplished by 
heating the spore suspension in a test tube for twenty minutes at 54-56° C. 
in a water bath, and then cooling to room temperature. Zero was taken as 
the time at which the spores were removed from the 54° C. bath. 

Pure nitrogen for anaerobic experiments was obtained by passing tank 
nitrogen over freshly reduced copper in an electric furnace. A small piece 
of yellow phosphorus was used in the inset to absorb any oxygen not swept 
out of the vessel with nitrogen. Carbon monoxide was prepared by the de- 
hydration of concentrated formic acid with hot sulphuric acid, and -was 
washed with KOH. Gas mixtures were made by volume, and were not 
cheeked by analysis. 

The hexosediphosphate was a gift from the Winthrop Chemical Com- 
pany. It was converted to the sodium salt, decolorized with charcoal, and 
re-precipitated as the calcium salt with alcohol. The calcium salt of the 
hexosediphosphate was converted to the sodium salt by adding the theo- 
retical amount of sodium oxalate and filtering. The solution of sodium 
hexosediphosphate was neutralized, when necessary, with HC1. The methyl 
glyoxal was prepared by M. P. Schubert of the Kockefeller Institute. The 
pyruvic acid was made by the method of Howard and Fraser (9), and was 
distilled at low pressure. 
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Results 

The RESPIRATORY INCREASE ON ACTIVATION AND GERMINATION 
A few typical results are listed in table I. The respiratory rate of acti- 
vated spores varies from about 8 to 40 times that of the dormant spores, 


TABLE I 

Respiration of dormant, activated, and germinating spores 
Oxygen consumption as - Q 0<> * 


Spore lot 

Spore age 

Dormant 

Activated 1-1.5 

HR. AFTER 
ACTIVATION 

Germination 

3-5 HR. AFTER 
ACTIVATION 

A 

wlc. 

3 

0.25, 0.27 

10.86 

19.45 

A 

9 

0.53, 0.59 

4.48 

9.62 

B 

3 

0.25, 0.24, 

10.36 

19.60 



0.27 




* n - cu.mm, oxygen consumed per hr. 1 
dry wt. m mg. 

i The symbols Q 0<> , Qco^j etc. are by convention negative when the gas is consumed and 
positive when it is produced. 

depending upon the age of the spores. The - Qo 2 of dormant spores increases 
from about 0.25 when first collected to 0.50-0.70 when several weeks older, 
while the - Qo 2 of activated spores decreases from about 10 when first col- 
lected to about 5-6 several weeks later. If the spores are stored at 4° C. 
the values remain practically constant at 0.5 and 5 to 6 respectively for 
several months. When the spores have been stored for 3 to 4 months at 
room temperature the - Qo 2 values of dormant and activated spores have 
decreased to about 0.08 and 1 to 2 respectively, and only a few per cent, of 
the spores germinate after a heat treatment. 

Approximately two hours after activation, if respiration has been 
allowed to proceed normally at 25° C., and four hours, if at 15° C., a second 
change in respiratory rate occurs, and this corresponds wdth the first ap- 
pearance of the germ tubes. The respiratory rate of germinating spores 
also varies with the age of the spores, but in such a manner that the abso- 
lute value is about twice that of the activated rate. The average value from 
ten experiments with spores of various ages was 1.98 times the activated 
rate, and the range was from 1.79 to 2.15. The number of spores germinat- 
ing seemed to be quite independent of the rate of oxygen consumption as 
long as the - Qo 2 for activated spores was 4 to 5 or higher. 

Effect of oxygen and carbon dioxide pressure on respiration 

It is possible that the permeability of the dormant spores to carbon 
dioxide or oxygen limits the respiratory rate. If permeability to oxygen 
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TABLE II 

Effect of 0 2 and C0 2 pressure on dormant spores 
Oxygen consumption as - Q 02 


Gas pressure 


Oxygen* 


C0 2 t 

A 

B 

C 

D 

E 

mm. Eg. 

0 




0.33 

0.71 

87 

0.15 

- — 

— 

0.30 

0.65 

75 

0.15 

— 

0.66 

0.37 

0.66 

150 

0.17 

0.27 

0.65 

0.30 

— 

190 

— 

i ■ ■ " 

— 

— 

0.58 

300 

0.16 

0.26 

— 

— 

— 

750 

— 

— 

0.77 

— 

* 


* C0 2 pressure = zero, 
t 0 2 pressure = 150 mm. 


were limiting, we would expect an increase in the respiratory rate by raising 
the partial pressure of oxygen. The data in table II show that raising the 
oxygen pressure from 37 to 300 mm. has practically no effect on the rate. 
If the retention of C0 2 by the spores were limiting, it would be expected 
that increased pressures of C0 2 would decrease the rate. The data in 
table II show that this is not the case. The results reported in table III 


TABLE III 

Effect of oxygen tension on activated and germinating spores 
Oxygen consumption as - Q 02 


Oxygen 

PRESSURE 

A 25' 

3 C. 

B 25 c 

>C. 

C 15° C. 

Activated 

Germi- 

nating 

Activated 

Germi- 

nating 

Activated 

Germi- 

nating 

mm. Eg. 







75 

— 

— 

6.04 

6.90 

3.07 

7.55 

150 

6.94 

10.17 

7.91 

15.65 

3.15 

| 7.03 

300 

— 

— 

8.00 

16.60 

3.23 

— 

450 

8.90 

11.40* ' 



i 


750 

8.92 

10.25* 











* High partial pressures prevent normal germination. 


show the effect of oxygen tension on germinating and activated spores. At 
oxygen tensions below 20 per cent., the oxygen diffusion rate may be limit- 
ing the rate of respiration in activated and germinating spores at 25° C. 
but not at 15° 0., where the absolute rate is lower. It seems very improbable 
that the permeability of the dormant spores to C0 2 or oxygen governs their 
rate of oxygen consumption. 
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The phaeohemin-cytochrome system 

The work of Warburg and Keilin, which is briefly summarized in dia- 
gram I indicates that the cyanide-carbon monoxide sensitive respiration of 
most cells is catalyzed by the phaeohemin-cytochrome system. From dia- 
gram I it can be seen that both cyanide and carbon monoxide poison the 
phaeohemin enzyme. In an attempt to determine whether the rate of 
respiration of dormant spores was limited by the activity of the phaeohemin 
enzyme, we have studied the effect of cyanide and carbon monoxide on the 
respiration of dormant and activated spores. The results are shown in 
figures 1 and 2 and in tables IV and V. It is apparent from these results 


TABLE IV 

Percentage inhibition of respiration of spores by HON 


HCN concentration 

Dormant 

Activated j 

Germinating 

1.0 x 10- 4 Molar 

7.2; 5.4; - 7.5 

41.6; 23.2 

55.6; 53.4 

1.0 x 10~ 3 Molar 

49.2; 45.3 

86.8; 86.8 

94.4; 94.lt 

1.0 x 10-2 Molar 

35.5* 

87.5 

95.6 1 


* Result not very reproducible ; HCN poisoning is not reversible at 1.0 x 10-2 molar. 
Lower concentration always reversible. 1.0 x 10-2 molar sometimes stimulates dormant 
spores slightly, while 1.0 x 10-s molar always inhibits. 

t Controls germinating ; HCN prevents poisoned spores from germination. 


TABLE V 

Percentage inhibition of respiration of spores by carbon monoxide* 


Gas mixture 

Dormant 

Activated 

Germinating 

90% COt/10% 0 2 

5.6; -5.0; 

53.3; 43.4; 50.2; 

54.7; 17.1; 

95% COt/5% Oo 

7.7; 15.4 

21.4; -6.0 

31.6; 38.3; 42.3 

73.3 

26.0; 8.8 

Av 

5.7 

43.15 

23.64 


* In the dark. 

t Controls 90% N 2 ; 10% 0 2 . 
t Controls 95 % N 2 ; 5 % 0 2 ; these results at 15° C. 


that the respiration of the activated spores is much more sensitive to these 
poisons than is the respiration of the dormant spores. Not only are the 
dormant spores less sensitive to these poisons, but about 50 per cent, of the 
respiration is entirely resistant to cyanide. A comparison of the absolute 
rates of respiration of cyanide poisoned dormant and activated spores is of 
interest, The results from one experiment gave the following: the -Qo 2 
values for dormant spores and dormant spores plus 10~ 3 and 10~ 2 molar 
HCN were 0.27, 0.14, and 0.17 respectively. The corresponding values for 
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activated spores were 10.86, 0.65, and 0.30. These - Qo 2 values show that 
while most of the activated respiration is poisoned by HCN, cyanide does 
not bring the respiration quite as low as that of cyanide poisoned dormant 
spores. Cyanide at 10~ 3 and 10~ 2 molar inhibits 93.5 and 97.1 per cent, of 
the increased respiration due to activation (the increased respiration equals 



Fig. 2. The effect of carbon monoxide on the respiration of dormant and germinating 
ascospores, 7.95 mg. of spores per vessel in the activated experiment and 14.90 mg. of 
spores per vessel in the dormant experiment. The arrows indicate the beginning of germi- 
nation. 

the activated respiration minus the dormant respiration). The cyanide 
resistant respiration may be catalyzed by Warburg's flavine enzyme since 
it is known (30) that the enzyme is not cyanide sensitive. However, it is 
clear that 93 to 97 per cent, of the increased respiration due to activation 
is cyanide sensitive, so that the activity of the flavine enzyme (if it is pres- 
ent) cannot account for the increased respiration on activation. The car- 
bon monoxide results show that the dormant respiration is almost com- 
pletely carbon monoxide resistant, w 7 hile the activated respiration is 
definitely carbon monoxide sensitive. 

If the rate of respiration of the dormant spores is limited by the concen- 
tration of active phaeohemin, the dormant respiration should be as sensi- 
tive to cyanide and carbon monoxide as is the respiration of the activated 
cells. However, if the concentration of the phaeohemin is as high in the 
dormant spores as in the activated spores, only 1/8 to 1/40 of the enzyme 
is essential to maintain the observed rate, and poisoning a large percentage 
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of the enzyme with carbon monoxide or cyanide will have little or no effect 
on the dormant rate, while a large inhibition of the activated rate may be 
expected. This is what has been found experimentally. Cyanide at 10" 4 
molar should combine with about 50 per cent, of the phaeohemin, but it has 
no effect on the dormant respiratory rate. Higher concentrations, as 10~ 3 
molar, will combine with 95 per cent, or more of the enzyme. The affinity 
of carbon monoxide for phaeohemin is much less than is that of cyanide, and 
it may be impossible, at pressures of atmospheric or less, to tie up sufficient 
phaeohemin in dormant cells to produce an appreciable inhibition. Follow- 
ing this line of argument, we have interpreted our cyanide and carbon 
monoxide results to mean that the respiratory rate of the dormant spores is 
not determined by phaeohemin activity. 

In the Warburg-Keilin scheme, cytochrome is believed to act as a carrier 
between phaeohemin and the dehydrogenases. No specific cytochrome poison 
is known. Cytochrome activity may be followed spectroscopically in some 
cases, but the black spore pigment has made that impossible in this work. 
One method of attack on phaeohemin-cytochrome systems is the one intro- 
duced by Barron (2), and used by many workers, of “ short circuiting 7 ’ 
both the phaeohemin oxidase and cytochrome by the addition of autoxi- 
dizable dyes (such as methylene blue, pyocyanine, and thionine) to the cell 
suspensions. These dyes are reduced by dehydrogenase-substrate systems 
and re-oxidized directly by atmospheric oxygen, and therefore these dyes may 
replace both oxidase and cytochrome. Another dye which Runnstrom (25) 
has used in paraphenylenediamine. This dye is not autoxidizable. It is 
reduced by the dehydrogenase-substrate systems, and its oxidation is cata- 
lyzed by phaeohemin. This dye will supplement cytochrome, but not phaeo- 
hemin. We have added such dyes to dormant spores, and no significant 
change in the respiratory rate has been detected, as is seen in table VI. 
These results may be interpreted to mean that the respiratory block is not 


TABLE VI 

Effect of dyes on dormant spores 
Oxygen consumption as Q 0o 


Dye 

Control 

Experimental 

Methylene blue 0.01% 

0.23 

0.31 

Pyocyanine M/5000 

0.31 

0.24 

Pyocyanine M/10,000 

0.31 

0.31 

Paraphenylenediamine M/1000 

0.21 

0.28* 

Paraphenylenediamine 10 mg, per vessel ' 

0.37 

■ i 

0.46f 


* Not corrected for autoxidation of the dye. 
t Corrected for autoxidation of the dye. 
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in the phaeohemin-eytochrome system, or that the spores are impermeable 
to the dye, and that no conclusions can be drawn from these experiments. 

To prove definitely that the oxidase is phaeohemin, light reversal of 
carbon monoxide poisoning should be demonstrated. Attempts to obtain 
light reversal of carbon monoxide poisoning were largely unsuccessful, prob- 
ably because of the black pigment in the spore walls. The results all show 
slightly less inhibition by carbon monoxide in the light (7 cm. from 100- 
watt Mazda lamps) than in the dark, but the differences were hardly larger 
than the experimental error and are not reported here. 

Paraphenylenediamine may be used to measure the activity of phaeo- 
hemin, by the method of Keilin (10). In this method, a large amount of 
dye (10 to 23 mg.) is added to the cell suspension, and the oxygen used in 
oxidation of the dye is measured. Proper controls are used to correct for 
the autoxidation of the dye and for the cellular respiration (or this may be 
poisoned with urethane, etc.). The rate of the catalyzed oxidation of the 
dye is a measure of phaeohemin activity. Such an experiment was tried 
with dormant spores with negative results. This may mean that there is no 
phaeohemin activity (which would conflict -with our CO and HCN results), 
or, more likely, that the cells are impermeable to the dye. 

Dehydrogenase-substrate systems 

It seems to be clearly established from the work of Keilin (10) and 
others that the respiratory substrates do not react directly with oxidized 
cytochrome, but that the substrates first react with intermediary enzymes, 
the dehydrogenases of Thunberg (31). The usual method of determining 
dehydrogenase activity is the methylene blue technic of Thunberg. An 
attempt to use this method with Neurospora spores failed because the black 
spores removed all of the dye from solution, and the spore color made it 
impossible to determine whether the dye was reduced or not. (An attempt 
to determine this spectroscopically also failed.) The dye may not be 
extracted by centrifuging with water, though it can be extracted with 
acetone. 

We know no truly specific dehydrogenase poison. Though Svensson 
(29) has shown that urethane will poison dehydrogenases, other enzymes 
are also poisoned by urethane. We have studied the effect of ethyl urethane 
on the respiration of dormant and activated spores, and a typical experi- 
ment is shown in figure 3. A higher concentration of urethane (5 per cent.) 
caused at first a marked decrease in respiration of dormant spores, followed 
by stimulation. The stimulation is probably associated with irreversible 
injury. If the percentage inhibition of respiration by 2.5 per cent, urethane 
is calculated from the data in figure 3 for dormant, activated, and ger- 
minating spores, the following results are obtained : 48, 19, and 62 per cent. 
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respectively. The greater sensitivity of the dormant than of the activated 
spores to nrethane might be interpreted to mean that the dehydrogenase 
systems are limiting the dormant rate. However, we have not been able to 
obtain more direct evidence on this point. The results reported later on 
carboxylase activity seem to be sufficient to explain the respiratory increase 
following activation, without the necessity of a change in dehydrogenase 



Fig. 3. The effect of 2.5 per cent, ethyl urethane on the respiration of dormant and 
activated spores. The arrow indicates germination ; the poisoned activated spores did not 
germinate. 10.1 mg. of spores per vessel in the activated experiment, and 40.4 mg. of 
spores per vessel in the dormant experiment. 

systems. The low sensitivity of activated spores to urethane remains 
without explanation. 

Since spores may undergo activation and germination in distilled water, 
it is clear that the amount of stored food is not limiting the respiration of 
dormant spores. However, it is possible that though sufficient stored sub- 
strate is present, the rate at which it undergoes hydrolysis, phosphorylation, 
or other anaerobic reactions may be limiting the rate of respiration. If this 
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were the case, the addition of the proper intermediate substrate should 
cause a marked increase in the respiratory rate of dormant spores. It is 
seen from the results in table VII that the only substrates Avhieh have any 


TABLE VII 

Effects of substrates on oxygen consumption of dormant spores 
Values given as - Q 02 


Substrate 

Concentration 

Substrate 

RESPIRATION 

Control 

Percentage 

STIMULATION 

Glucose 

Sodium hexosediphos- 

M/50 

0.345 

0.355 

-2.8 

phate 

M/50 

0.344 

0.355 

-3.2 

Acetaldehyde 

M/50 

0.707 

0.355 

99.2 

Above three together 

M/50 

0.737 

0.355 

107.6 

Ethyl alcohol 

M/20 

1.150 

0.529 

117.5 

Acetaldehyde 

M/50 

1.152 

0.529 

117.8* 

Alcohol 

plus acetaldehyde 

M/20) 

M/50C 

1.178 

0.529 

122.8 

Methyl glyoxal 

M/50 

0.420 

0.357 

15.0 

Sodium succinate 

M/20 

0.550 

0.528 

4.16 

Pyruvic acid 

Sodium glycerophos- 

M/20 

0.296 

0.273 

8.40 

phate 

M/20 

0.286 

0.273 

4.78 

Sodium acetate 

M/40 

0.301 

0.303 

-0.6 


* Stimulations as high as 228% have been obtained at M/20, and 297% at M/50 
acetaldehyde. 


appreciable effect are acetaldehyde and ethyl alcohol. The increase caused 
by these compounds is not additive. Though the stimulation in respiration 
caused by these compounds is marked, it is far short of the stimulation 
induced by heat treatment. The possible significance of acetaldehyde and 
alcohol stimulation will be discussed later. It is seen from diagram II that 
alcoholic fermentation depends upon the presence of glucose, hexosediphos- 
phate, and acetaldehyde. In an experiment these substances were added to 
one vessel containing dormant spores, and each substance independently to 
other spores, and the oxygen consumption followed. The increased oxygen 
consumption was no larger than was obtained from acetaldehyde alone, as 
may be seen from table VII. The failure of the added substrates to bring 
about respiratory stimulation may be due to impermeability of the spores 
or because the proper substrate or combination of substrates has not been 
found. The results obtained above with added substrates have not ruled 
out the possibility that the respiratory block is located in the anaerobic reac- 
tions which act on glycogen and which form the actual respiratory substrate. 
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Action op sodium fluoride, iodoacetate, and iodoacetamide on 

OXYGEN CONSUMPTION 

Blackman’s theory of plant respiration postulates that the first step in 
aerobic respiration is the conversion of carbohydrates to trioses or triose- 
phosphates in reactions essentially similar to those of alcoholic fermenta- 
tion. This theory has recently been reviewed by Turner (32). One ap- 
proach to the possible location of the respiratory block between glycogen and 
the actual respiratory substrate is to study the effect of certain poisons, 
known to inhibit alcoholic fermentation and muscle glycolysis, on oxygen 
consumption. In this section we report some results on the action of sodium 
fluoride, iodoacetate, and iodoacetamide on oxygen consumption. We can- 
not say definitely what steps of the respiratory mechanism are inhibited by 
these poisons, but it is possible that the same reactions which are poisoned 
in anaerobic metabolism are also inhibited in respiration, even though the 
concentrations required to inhibit respiration are higher than those which 
inhibit fermentation. The question has been discussed at some length with 
special attention to iodoacetate by Turner (32). 

Sodium fluoride poisons alcoholic fermentation and has been shown by 
Lohmann and Meyerhof (15) to poison the breakdown of phosphoglyceric 
acid to pyruvic acid and H 3 P0 4 (see diagram II). It is not claimed that 
this is the only reaction poisoned by fluoride. Lundsgaard (16) has shown 
that iodoacetate poisons muscle glycolysis and alcoholic fermentation, and 
it has been shown by Meyerhof and Kiessling (20, 21) that it does not 
inhibit the breakdown of phosphoglyceric acid to acetaldehyde and C0 2 , 
but that it does inhibit reactions 2 and 7 of diagram II. It is possible that 
other reactions may also be poisoned by iodoacetate. It is well known that 
iodoacetate combines with -SH groups of glutathione (4, 23) and proteins 
(8, 24), but the work of Smythe (27) indicates that its inhibition of fer- 
mentation is not due to destruction of -SH groups. Goddard (7) has 
shown that iodoacetamide inhibits respiration of Neurospora spores, Smythe 
(27) that it inhibits alcoholic fermentation, and Stannard (28) that it 
inhibits muscle glycolysis. The mechanism of the action of this compound 
is unknown, though it is established that it reacts rapidly with - SH groups 
(8, 27). The results obtained with these three poisons on the spores are 
shown in table VIII. The results of using iodoacetate and iodoacetamide on 
activated and germinating spores are recalculated from an earlier paper (7). 

The great sensitivity of all phases of the respiration to sodium fluoride 
is the most interesting result from these experiments. If the respiration is 
over pyruvic acid, this result is to be expected, but this does not explain 
the inhibition of the respiration of ethyl alcohol and acetaldehyde by fluo- 
ride. It is possible that neither of these compounds is directly undergoing 
oxidation, but they may be entering into dismutation reactions similar to 
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* In no case did -the poisoned spores germinate. These figures are obtained by comparing germinating controls with poisoned cells, at the 
tne time periods after activation. 

t Inhibition calculated against the rate with acetaldehyde from the experiment below, 
t Inhibition calculated against the rate with alcohol from the experiment below. 
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reactions 6 and 7 of diagram II. This would seem probable enough for 
acetaldehyde but much less probable for alcohol, unless it is first converted 
to acetaldehyde. 

The respiration of the germinating spores is sensitive to iodoacetate (pH 
5.4) and the spores are rapidly killed by the poison. The oxygen consump- 
tion of dormant and activated spores is unaffected by iodoacetate and it is 
probable that it does not penetrate the cells. If dormant or activated spores 
stand for an hour in iodoacetate (0.005 M) and are then washed on the 
centrifuge, they germinate normally. The respiration of dormant and ger- 
minating spores is poisoned by iodoacetamide, while the activated spores are 
unaffected (see table IX). This cannot be due to failure to penetrate the 


TABLE IX 

Anaerobic C0 2 production of activated spores in the presence of sodium fluoride, 
IODOACETAMIDE, AND ETHLY URETHANE 


Medium 

o Na * 

^C0 2 

Percentage 

Inhibition 

Control 

5.30 


NaF M/10 

1.44 

73.0 

Control 

7.18 


Iodoacetamide M/200 

5.82 

19.0 

Iodoacetamide M/1000 

7.07 

1.5 

Control 

8.13 


Ethyl urethane 2-| per cent 

7.35 

10.0 


* ~N 2 cu. mm. COo per hour 
Q CO 2 = dry wt mg (under anaerobic conditions) . 

Q& and percentage inhibition calculated on the linear part of the curve. 


activated spores, for if activated spores are exposed to iodoacetamide and 
then washed in the centrifuge, the respiration proceeds normally until the 
time when the controls germinate; then the respiration of the poisoned 
washed cells falls off and no germ tubes are formed. There seems to be a 
real difference in the respiratory mechanisms of dormant and germinating 
spores on the one hand and of activated spores on the other, with reference 
to iodoacetamide poisoning. No explanation of this effect seems possible at 
this time. 

Anaerobic C0 2 and carboxylase activation 

The marked inhibition of the oxygen consumption by sodium fluoride 
suggested that reactions similar to those occurring in alcoholic fermentation 
might be part of the respiratory scheme. The best approach to such reac- 
tions seemed to be through a study of the anaerobic C0 2 production. Re- 
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suits typical of many experiments are shown in fig. 4. It may be seen from 
the figure that no measurable anaerobic C0 2 is liberated by the dormant 
spores. Even when 40 mg. of dry weight of dormant spores were used, no 
C0 2 evolution was detected which was greater than the experimental error 
(± 1.0 cu.mm, per hour). The activated spores evolved C0 2 anaerobically 
quite rapidly as may be seen in fig. 4 and table IX. The rate of anaerobic 
C0 2 production by the activated spores is linear for a short period after 
activation and gradually falls to zero at about three hours after the heat 



Fig. 4. Anaerobic 00 2 production of dormant and activated spores. The effect of 
0.1 M NaF on inhibition of C0 2 production of activated spores. The effect of pyruvate 
and NaF together on activated spores and the failure of pyruvate to affect dormant spores. 
19.5 mg. of spores per vessel. 

treatment. The rate of anaerobic C0 2 formation by activated spores during 
the linear phase is about the same as the rate of oxygen consumption. Com- 
pare tables I and IX. Though the dormant spores liberate no C0 2 under 
anaerobic conditions, it was expected that they would produce C0 2 aero- 
bically. Aerobic C0 2 production was measured by Warburg's indirect 
method (see Dixon, 5) with the suspension in equilibrium with an atmos- 
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phere of 5 per cent. C0 2 and 95 per cent, oxygen. Only a few experiments 
were made, and a typical one gave a Q^q of 0.59 and a respiratory quotient 

/ O s _ cu.mm. C0 2 evolved per hr., in the presence of Q, \ 
of 0.85 y Q GQo ~ mg. dry weight / 

Formation of anaerobic C0 2 is often accompanied by formation of 
alcohol or organic acids. No attempt has been made to determine whether 
the activated spores produce alcohol under anaerobic conditions. Acid for- 
mation may be determined manometrieally by the displacement of C0 2 from 
a bicarbonate buffer according to the following equation : 

HA + NaHC0 3 -> NaA + CO, + H 2 0 


Under anaerobic conditions the difference in C0 2 liberated from bicarbonate 
buffer and from phosphate buffer is a measure of the acid formed. We 
carried out such an experiment with activated spores in M/60 phosphate 
buffer with pH 5.4 and in 0.0025 M NaHCO s in equilibrium with 5 per 
cent. C0 2 , with pH 7.4. The average from two vessels was 52.8 c.mm. in 
one hour in phosphate buffer, and 52.5 cu.mm, in bicarbonate buffer. We 
may be sure that under anaerobic conditions the activated spores do not 
form any acid. 

If the block in anaerobic C0 2 production of the dormant spores was 
anterior to pyruvic acid formation (see diagram II), it was to be expected 
that the addition of pyruvic acid to dormant spores would induce anaerobic 
C0 2 production. The pyruvic acid solution used was half neutralized, so 
that the pH = P ka = 2.5, and one half of the acid was present in undissociated 
form. Under these conditions (and in un neutralized pyruvic acid or in 
sodium pyruvate solutions), no anaerobic CO, could be detected from dor- 
mant spores (see fig. 4). This failure of dormant spores to produce C0 2 
from pyruvate suggested that there was no active carboxylase in dormant 
spores. 

Experiments on the effect of three poisons on anaerobic C0 2 production 

No 

are shown in table IX. In each case the Q and the percentage inhibi- 
tion were calculated on the linear part of the curve (fig. 4). The results 
with NaF are striking, and are in agreement with the Meyerhof-Kiessling 
theory of alcoholic fermentation. This experiment and the one which fol- 
lows make it clear that the anaerobic CO, is not merely the physical release 
of bound C0 2 due to heating, nor to the escape of previously formed C0 2 
due to changes in cell permeability. From the previous discussion, it seems 
quite clear that iodoacetamide penetrates the spores, and it was surprising 
that it had such a small effect on anaerobic C0 2 production. The small 
effect of ethyl urethane is not surprising. This experiment was included 
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for comparison of its effect on oxygen consumption and anaerobic C0 2 
production. 

The fact that dormant spores liberate no anaerobic C0 2 even when 
pyruvic acid is added, and the ready production of C0 2 by activated cells 
suggests that carboxylase is absent or inactive in dormant spores, and that 
this enzyme is activated on heat treatment. If this is true, we should be 
able to demonstrate carboxylase activity by restoring the ability of NaF- 
poisoned activated spores to produce anaerobic C0 2 by the addition of 
pyruvic acid. NaF is known to poison anaerobic C0 2 formation from glu- 
cose (see diagram II), but not from pyruvic acid, since it does not poison 
carboxylase. The increased C0 2 production on the addition of pyruvic acid 
over that of NaF-poisoned cells should be an approximate measure of car- 
boxylase activity. The results from one such experiment are shown in figure 
4. It is clear that pyruvic acid raises the amount of C0 2 production above 
that of the unpoisoned controls ; therefore, in the controls the rate of C0 2 
production. is. not limited by carboxylase concentration, but by the rate of 
pyruvic acid formation. We interpret the failure of pyruvic acid to induce 
anaerobic C0 2 production in dormant spores and its pronounced effect on 
NaF-poisoned activated spores as definite evidence that the enzyme carbox- 
ylase is activated (formed?) on heat treatment of the spores. 

It will be recalled that heat activation as it affects germination and in- 
creased respiration is reversible ; that is, under anaerobic conditions acti- 
vated spores return to secondary dormancy. These de-aetivated spores re- 
spond to a second heat treatment in the usual manner. The falling off in 
the rate of anaerobic C0 2 production, with or without added pyruvic acid, 
is surprisingly similar to the de-activation of the germination mechanism 
under the same conditions. An experiment was undertaken to determine 
whether carboxylase activation was likewise reversible. After the activation 
of the spores, a sample was set aside in a hanging drop (in air) for a ger- 
mination test. The spores were placed in four vessels, and anaerobic C0 2 
production measured. After the rate had fallen off (170 min.), two vessels 
were removed from the bath and spore samples were taken for germination 
tests. (The samples were too small to affect the subsequent readings.) The 
two vessels were placed for twenty minutes in a thermostat bath at 55° C. 
for re-activation. After the re-activation, samples were again removed for 
germination tests, the vessels replaced in the bath, anaerobic conditions 
established, and the C0 2 production again measured. During this period, 
readings were continued on the other two vessels. The experiment was con- 
tinued for six hours after the first activation, and by this time the rate of 
C0 2 production had fallen approximately to zero in all vessels. The experi- 
mental results are shown graphically in figure 5. 

Examination of figure 5 shows that the activation, de-activation, and 
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re-activation of the spores as concerns anaerobic C0 2 production (and pre- 
sumably carboxylase activity) is closely parallel to the reversible activation- 
de-activation of the germination mechanism. 



Fig. 5. The effect of a second heat treatment on the anaerobic C0 2 production. In 
experiment A, the readings were uninterrupted. In experiment B, the vessels were removed 
at arrow no. 2, re-lieated for twenty minutes at 55 ° C., allowed ten minutes for temperature 
equilibrium, and readings commenced at arrow no. 3. Germination tests were made by 
removing the spores to air and counting several hours later, at each point indicated by an 
arrow. 

Discussion 

It is possible that the respiratory rate of dormant spores is limited by 
cell permeability and that activation brings about a reversible change in the 
cell surface. The authors do not believe that this explanation is the correct 
one for the following reasons : 

(1) The respiratory rate of the dormant spores is independent of the 
partial pressure of oxygen over the range of 37 to 300 mm. of mercury. This 
result indicates that the rate of oxygen entrance is not limiting the respira- 
tory rate. 

(2) The rate of oxygen consumption of dormant spores is independent 
of the partial pressure of carbon dioxide over the range of 0 to 190 mm. of 
mercury. This indicates that outward diffusion of carbon dioxide is not 
limiting the rate of oxygen consumption. 

(3) The spores are not completely impermeable to carbon dioxide, for it 
is formed under aerobic conditions. The complete failure of dormant spores 
to liberate carbon dioxide anaerobically cannot be explained on a basis of 
permeability to carbon dioxide, for the anaerobic C0 2 production would be 
as high as the aerobic C0 2 production. 
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(4) The production of anaerobic C0 2 by activated spores might be inter- 
preted as the release of preformed C0 2 due to a change in cell surface, but 
this seems improbable, for the anaerobic C0 2 production is poisoned by NaF 
and the NaF poisoning is overcome by pyruvic acid. 

(5) Ethyl alcohol and acetaldehyde cause a marked increase in the 
respiratory rate of dormant spores. This does not seem to be consistent with 
the view that the respiratory rate is limited by the cell surface. 

The much greater sensitivity of the activated spores to carbon monoxide 
and to cyanide suggests that the activity of phaeohemin is not limiting the 
rate of respiration. The evidence in this paper does not definitely establish 
the fact that the oxidase is phaeohemin (indophenol oxidase) . To prove this 
point, light reversal of CO poisoning would be necessary, and this is difficult 
to obtain with spores with black walls. Proof of phaeohemin might be ob- 
tained by the catalysis of paraphenylenediamine, but the spores appear to 
be impermeable to this dye. This dye could be tried on ground cells, but the 
authors decided to limit this paper to results obtained with intact living 
cells. The limited permeability of the spores has made it difficult to obtain 
any definite information concerning the dehydrogenase systems. It is pos- 
sible that information may be gained on this point from ground cells, but 
how useful such information would be in attempting to interpret the changes 
which occur on activation is open to question. No information has been 
obtained on cytochrome, for the black spore wall has prevented spectroscopic 
determinations, and the impermeability of the spores has prevented the use 
of artificial carriers, such as paraphenylenediamine. It is possible that a 
portion of the dormant respiration is catalyzed by "Warburg's flavine 
enzyme. However, the activated respiration is probably not catalyzed by 
this enzyme, since the respiration catalyzed by the flavine enzyme (30) is 
cyanide- and carbon monoxide-stable. 

Since increased respiration and normal germination are obtained when 
the ascospores are activated in distilled water, the respiratory block of the 
dormant spores cannot be caused by absence of stored food. However, it is 
possible that the reactions converting the stored food into the substrate actu- 
ally respired may be limiting the respiratory rate. The only added sub- 
strates, out of a long list tried, which produced an appreciable increase in 
the rate of oxygen consumption of dormant spores were acetaldehyde and 
ethyl alcohol. These substrates stimulated the rate from 100 to 300 per 
cent,, while the difference between dormant and activated respiratory rates 
is of the order of 1000 to 4000 per cent. The significance of the increase 
brought about by acetaldehyde or alcohol is not clear. The acetaldehyde 
and ethyl alcohol respiration is NaF sensitive. This is rather surprising, 
because NaF does not poison most dehydrogenase systems, nor the phaeohe- 
min-eytoehrome system. However, an old result of Meyerhof's (18) indi- 
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cates that succinic dehydrogenase is poisoned by NaF. Acetaldehyde may 
be oxidized by the xanthine oxidase. Ethyl alcohol will undergo a coupled 
oxidation by xanthine oxidase when hydrogen peroxide and catalase are 
present (12). 

The failure of dormant spores to produce C0 2 anaerobically in the pres- 
ence of pyruvic acid, and the fact that pyruvic acid restores the anaerobic 
C0 2 production to NaF-poisoned activated spores, seems clearly to establish 
the fact that carboxylase is inactive in dormant spores and active in heat- 
treated spores. The reversible activation of the system producing anaerobic 
C0 2 on heat treatment parallels almost completely the effect of this heat 
treatment on germination and respiration. The absolute rate of anaerobic 
C0 2 production during the linear portion of the curve is of the same order 
as the rate of oxygen consumption. It is difficult to determine whether or 
not the respiratory block is the absence of active carboxylase, but the agree- 
ment between carboxylase activity and the respiration, and germination of 
the spores seems too close to be fortuitous, particularly so when it is recalled 
that activation and de-activation for one component corresponds with activa- 
tion and de-activation for the other two. Taken all together, it seems prob- 
able that carboxylase activation by heat treatment of the spores leads to a 
marked increase in the respiratory rate and to germination. It is, of course, 
possible that other enzymes are similarly activated on heat treatment, and 
that the inactivity of one or several of these enzymes constitutes the respira- 
tory block. 

Since there seems to be no carboxylase activity in dormant spores, but a 
measurable respiratory rate, it seems clear that the respiratory system of 
dormant spores is not a system involving carboxylase. From the discussion 
presented it appears that the respiratory mechanism of the activated spores 
includes carboxylase as one essential step. If this interpretation is correct, 
we are forced to the conclusion that there are two qualitatively different 
respiratory mechanisms, namely, the dormant mechanism of which carbox- 
ylase is not a part, and the mechanism which comes into play after the heat 
treatment, which so closely parallels carboxylase activity that we may 
assume that carboxylase is one step in the system. The phaeohemin-cyto- 
chrome system and other enzymes may be common to the two systems. 

If we accept the interpretation that carboxylase is an essential part of 
the respiratory mechanism of activated spores, then it seems clear that in 
this system anaerobic processes similar to those in alcoholic fermentation are 
a part of the respiratory mechanism. It is difficult to understand how car- 
boxylase functions in the respiratory mechanism. It cannot be merely the 
formation of acetaldehyde, for though the addition of this substance causes 
a respiratory stimulation, it is far short of the maximum rate. Nor can it 
be merely the accumulation of pyruvic acid that limits the rate, for the addi- 
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tion of pyruvic acid does not inhibit the respiration of activated spores. 
Aubagen (1) has shown that a co-carboxylase is essential for carboxylase 
activity,* activation might be the formation of co-carboxylase. If co-car- 
boxylase were identical with a co-enzyme of respiration, the parallelism 
between carboxylase activity and respiration would be explained, without 
the necessity of assuming that carboxylase was part of the respiratory mech- 
anism. But Auhagen has shown that eo-carboxylase is not identical with 
co-zymase, nor is it found in muscle, which lacks carboxylase but which 
contains a respiratory co-enzyme. To the authors’ knowledge, Warburg’s 
respiratory co-enzyme from horse blood has not been tried with carboxylase. 

The zymase complex including carboxylase is widely distributed in the 
tissues of higher plants, which are never known to produce alcohol in nature. 
Kostychev (13) and Blackman (3) assume that the function of the zymase 
system is to convert sugars into the respiratory substrates. The Blackman 
theory assumes that these substrates are trioses. It is possible that car- 
boxylase functions in the respiratory scheme in higher plants, converting 
three carbon atom keto acids into two carbon atom compounds which are 
then respired. 

Summary 

1. An attempt has been made to locate the respiratory block in dormant 
Neurospora tetrasperma ascospores. 

2. The respiratory rates at various partial pressures of oxygen and 
carbon dioxide indicate that permeability of the spores to gases is not 
limiting. 

3. Studies on the cyanide and carbon monoxide sensitivity of dormant 
and activated spores indicate that phaeohemin (indophenol oxidase) activity 
is not limiting. 

4. The dormant spores produce no C0 2 anaerobically, while the activated 

No 

spores have a Q ® of 5 to 8, though the rate falls to zero after 3 to 4 

VV2 

hours. 

5. It is suggested that no active carboxylase is present in dormant spores, 
but that carboxylase is reversibly activated on heat treatment. The activa- 
tion-de-activation of carboxylase parallels the effect of activation and 
de-activation on respiration and germination. 

6. The results in this paper are interpreted to mean that two qualita- 
tively different respiratory systems are present, namely, the dormant sys- 
tem, which functions in the absence of carboxylase, and a second system, 
active in heat treated spores, which passes over the enzyme carboxylase. The 
respiratory block is then the inactivity of the enzyme carboxylase. 
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7. These experiments indicate that reactions similar to those of alcoholic 
fermentation are a part of the respiratory mechanism in Neurospora. 
Department of Botany 

University of Rochester 
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AMMONIUM NUTRITION AND METABOLISM OF ETIOLATED 

SEEDLINGS 


Leland Burkhart 
(with eleven figures) 

Introduction 

The nitrogen metabolism of germinating seeds and young seedlings con- 
cerns itself chiefly with the decomposition of already existing proteins stored 
in the kernels, followed by the translocation and regeneration of the simpler 
substances into proteins in the meristematic and actively growing regions of 
the developing plant body. Studies of etiolated seedlings seem suitable for 
the purpose of obtaining information concerning the intermediate products 
of protein metabolism, since protein decomposition is favored while its regen- 
eration is hindered in the absence of light because of the depletion of available 
carbohydrates. 

The role of available carbohydrates in altering the nitrogen relations of 
etiolated seedlings supplied with ammonium salts has been emphasized by 
Prianischnikow and his co-workers (29, 30, 31, 33, 34) ; however, no attempt 
was made to follow the changes in the carbohydrate relations quantitatively. 
The seedlings, grown in water cultures for a period of 10 days in the dark, 
were classified into three groups : 

I. The cereal type (barley, maize), and the pumpkin when supplied with 
ammonium salts, showed increases in total nitrogen and amides, but no 
increase in ammonia. 

II. The starchy legumes (pea, vetch) increased in total nitrogen and 
amides only when ammonium salts were accompanied by calcium carbonate. 

III. The yellow lupine, high in protein, showed serious disturbances in 
the synthetic reactions, manifested by accumulation of ammonia and decrease 
of asparagine. Addition of calcium carbonate failed to restore the normal 
course of nitrogen metabolism. 

Prianischnikow deserves considerable credit for his choice of seeds with 
such a wide range of food reserves, which seems to have been a determinative 
factor in causing the different responses of the various seedlings to ammonium 
nutrition as reported by him. The seeds used differ greatly with respect to 
the relative amounts of nitrogen-free and nitrogen-containing reserves. The 
respective ratios used as an index to these differences are as follows : cereals, 
(6:1); starchy legumes, (2:1); and yellow lupine, (0.6 : 1) . 

In order to obtain additional information as to the role of carbohydrate 
reserves as affecting the response of seedlings to ammonium salts, so-called 
“artificial types 7 ’ were employed in modifications of experiments previously 
mentioned. Smirnow (54) compared the nitrogen metabolism of etiolated 
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seedlings of high carbohydrate reserve (barley) and low carbohydrate reserve 
(yellow lupine) , which were grown in sterile culture solutions. In the early 
stages of growth, ammonia was readily absorbed by the barley seedlings, 
followed by an increase in asparagine. In the later stages, when the carbo- 
hydrate reserves were exhausted (21 days), ammonia accumulated in the 
plants and asparagine decreased (an artificial lupine type physiologically ) . 
The presence of calcium salts promoted asparagine formation, but the proc- 
esses ended sooner, as carbohydrates were more readily exhausted. The 
absorption of ammonium by lupine seedlings was dependent upon the pres- 
ence of sugar in the medium. The addition of glucose along with the 
ammonium salts resulted in an “artificial physiological cereal type.” 

Although the results of these investigations have often been referred to in 
the literature, little attempt has been made to confirm these findings. The 
writer has previously criticized the methods employed by these workers (2). 
In the light of modern principles of mineral nutrition, the use of unbalanced 
nutrient solutions and distilled water as a control in growing their plants 
seems very undesirable. Calcium must play a more prominent role in alter- 
ing the response of seedlings to ammonium salts than was realized by Prian- 
ischnikow when he originally planned his experiments (32, 33, 38, 60) . Not 
having separated the principal storage organs from the remainder of the 
seedlings, no basis was provided upon which to determine the extent of 
protein regeneration, all of which should be of interpretative value. The 
ammonia determinations are of questionable value, since the seedlings were 
dried prior to analysis. 

With the adaptation of improved methods, this investigation involves a 
further study of the effects of ammonium nutrition on the carbohydrate and 
nitrogen relations of etiolated seedlings as altered by the type and amount 
of food reserves in the seed. An attempt is made to throw additional light 
upon certain fundamental questions : What determines the rate and amount 
of ammonium absorption by seedlings? How and to what extent is the 
ammonium utilized? What conditions are associated with so-called “am- 
monium injury 5 ’ ? 

Materials and cultural methods 
Choice and composition of seeds 

In this study it seemed desirable to employ seeds of species representing 
a wide range in ratios of non-nitrogenous reserves to nitrogenous reserves. 
Seeds were chosen in which the cotyledons served as the storage organs, thus 
minimizing morphological variations. Seeds of one species, with the desired 
range of food reserves in the various varieties, would constitute more nearly 
an ideal choice; however, such are not available. Variations inherent in the 
species of different genera might be somewhat minimized by selecting seeds 
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from one family, or better, one genus. The seeds used in this investigation 
are of the legume family except the pumpkin which was included for further 
study as it was found in an earlier study to respond favorably to ammonium 
nutrition (2). The peanut was employed with the possibility that it might 
compare favorably with the pumpkin on the basis of the similarity in the 
chemical composition of the seeds (table I), thereby having the desired range 
of food reserves within one family. 

The following seeds were chosen : 

Cucurbita pepo (Small Sugar variety), representing the 
cereal type ; high oil-low protein reserves, 

Arachis hypogea (Spanish variety), possible representative 
of the cereal type in the legume family • high oil-low pro- 
tein reserves. 

Lupinus albus, representing a possible intermediate between 
the above types and the yellow lupine ; high hemicellulose 
— intermediate in protein reserves. 

Lupinus luteus: Prianischnikow's third type ; low hemicel- 
lulose-high protein reserves. 

The compositions of the kernels (seed coats removed from seeds) as deter- 
mined during this investigation are presented in table I. Ether extract was 

TABLE I 
Analysis of seeds 


Pumpkin : 
Peanut : 

White lupine : 

Yellow lupine : 


Determinations 

Pumpkin 

Peanut 

White 

LUPINE 

Yellow 

lupine 

Weight of 100 seeds (gm.) 

16.65 

52.08 

52.47 

11.52 

Weight of 100 kernels (gm.) 

13.16 

50.90 

43.80 

8.72 

Moisture in kernels (per cent.) 

4.20 

4.90 

6.18 

6.14 

Dry weight of 100 kernels (gm.) 

12.61 

48.41 

41.10 

8.18 


Percentage composition of kernels in terms 
of dry weight 


% 


% 

% 

Insolube nitrogen 

5.39 

5.16 

6.80 

9.26 

Soluble nitrogen 

0.22 

0.24 

0.53 

0.29 

Ether extract 

50.27 

46.71 

13.10 

9.05 

Starch 

Insoluble acid hydrolyzable poly- 



6.69 

— 



saccharides 

2.88 

2.84 

17.04 

7.76 

Reducing sugars 

0.13 

0.08 

0.08 

0.12 

Sucrose 

3.64 

2.32 

3.76 

1.50 


determined (1) on the kernels after grinding and drying at 80° C. The 
methods employed in the analyses are described in a following section. 
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Germination 

The seeds were carefully selected for uniformity in size, and all those 
showing defects were discarded. At least 5 times as many seeds as were to 
be used in the experiments were germinated after preliminary treatment with 
0.2 per cent. Uspulun for 20 minutes, and soaking for 2 hours in one-fifth 
strength nitrogen-free nutrient solution in the ease of the pumpkin and white 
lupines. The peanuts were found to germinate better without Uspulun treat- 
ment. The yellow lupines were treated for 1 hour with concentrated sul- 
phuric acid with subsequent washings in lime water. The germination was 
increased by this treatment from 15 to 90 per cent, with much more uni- 
formity in rate of germination. After soaking for 2 hours, the seeds were 
placed in glass moist chambers on eellucotton kept nearly saturated with 
one-fifth strength nitrogen-free nutrient solution. The germination was 
improved by renewal of the air in the germinators at 12-hour intervals. By 
means of the above precautions, vigorous young seedlings free of bacteria 
and molds were obtained in three to four days, depending upon the species. 
Germination was carried out in the dark room (free of gas and laboratory 
fumes) in which the subsequent experiments were carried out (25°-26° C.). 
The young seedlings at the above mentioned stage were selected for uniform- 
ity (radicles 3 cm. in length) and transferred to the culture solutions. 
Analysis of the seedlings at this stage are presented in table II. The coty- 
ledons were analyzed apart from the remainder of the seedlings. No attempt 
was made to analyze the plumules separately since these made up but a small 
fraction. Hence the term “roots” includes the plumules with the compara- 
tively large and fleshy radicles. From 100 to 300 seedlings were analyzed in 
duplicate at this stage. 

Nutrient solutions 

Livingston (15) has stressed the need of much preliminary investigation 
to determine satisfactory salt combinations, concentrations, and pH before 
definite progress can be made in nutritional studies. In such studies com- 
plications arise; for an “optimum solution” varies among different species 
for a given stage of growth. Furthermore, environmental conditions alter 
the optimum solution for a given species and stage of growth. For example, 
an optimum solution for a normal seedling may be expected to differ mate- 
rially from that for an etiolated seedling. It is evident that the choice of a 
suitable nutrient solution requires many considerations. 

Just as Pirschle (26, 27) has recognized the importance of the inter- 
action of various factors on plant response to pH, one thinks of the interionic 
and other interacting factors as certainly affecting the response of etiolated 
seedlings to ammonium salts. Hoagland (8), Lundegardh (16), and Stew- 
ard (56) have briefly reviewed some of the recent papers pertaining to the 
various relationships involved in mineral nutrition. 
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Insoluble acid hydrolyzable poly- 
saccharides 152 19 1150 22 5089 
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The question of pH of nutrient solutions requires serious consideration in 
connection with ammonium nutrition. The importance of the hydrogen-ion 
concentration as a determining factor in the absorption of ammonium and 
consequent response of plants has been stressed by Prianischnikow, 
Pirschle, Mevitjs and Engel, Naftel, and others (17, 18, 21, 26, 27, 35, 
36, 37). In general, it has been shown that plants, under normal conditions, 
utilize ammonium most efficiently from a neutral or slightly alkaline medium ; 
but the alkaline conditions are unsatisfactory because complications arise 
(precipitation, etc.). Tiedjens (58) has indicated that pH values of 6. 0-6.5 
for ammonium nutrition with constantly flowing cultures were necessary for 
most satisfactory assimilation in the plant. 

Prom preliminary trials the following salt combination on a partial 
volume-molecular basis proved suitable: 


(NH 4 ) 2 S0 4 . 0.006 M 

MgS0 4 * 7H o 0 0.004 M 

KH.,P0 4 , 0.004 M 

CaCl 2 0.004 M 


A pH of 6.2 was obtained by the addition of N/10 NaOH. Proper aliquots 
of molar single salt stock solutions and the alkali were added to distilled 
water and diluted to volume just before using. The distilled water was 
allowed to come to dark room temperature before using. Traces of iron and 
boron were added. The control nutrient solution was made up in the same 
manner except that the ammonium sulphate was omitted. 

Continual flowing cultures and aeration 

As culture vessels 4-gallon glazed earthenware jars were used. Over 
each jar was placed a zinc galvanized wire net (-J-inch mesh) well coated 
with paraffin which served as an efficient support for the seedlings. A modi- 
fication of the Stahl and Shive system of continuous renewal of nutrients 
(55) was adapted for use with these culture vessels. Five-gallon glass bottles 
calibrated at 15 liters were employed as supply and reception vessels. The 
rate of flow of nutrient solutions was so regulated as to allow the passage of 
10 liters daily through each culture vessel, thus maintaining a constant pH. 
The drip solution was reused once after readjusting the pH to 6.2. The 
cultures were continually aerated with ammonia-free air (compressed air 
passed through a dilute sulphuric acid trap). The rate of aeration was such 
that the solution was kept in slow motion. This aeration treatment resulted 
in noticeably better root development. At the beginning of each experiment 
250 young seedlings, selected for uniformity as previously described, were 
transferred to each of the 6 culture vessels (3 ammonium and 3 controls). 
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Methods of chemical analysis 
' Fractionation of plant organs 
The seedlings at each sampling were separated into stems, cotyledons, 
and roots. In order to make more efficient use of the plant material, the 
lower one-third of the hypocotyl was included with the roots in all samplings. 
Fifty to one hundred seedings were sampled at each date of sampling. After 
obtaining fresh weights, without delay the plant material was minced into 
small sections (2-3 mm.) and transferred to Erlenmeyer flasks. Sufficient 
hot 95 per cent, alcohol was added to bring the final concentration of alcohol 
to 60 per cent. The contents were heated on the steam bath to gentle boiling 
for 20 minutes, and allowed to cool to room temperature before filtering. 

Extraction 

Considerable difficulty was experienced in obtaining complete extraction 
of the soluble nitrogen with 80 per cent, alcohol, especially in the case of the 
white lupines (containing large amounts of asparagine) from which, even 
after 10 extractions, the asparagine was not completely removed. This diffi- 
culty was overcome by reducing the alcohol concentration to 60 per cent. A 
lower concentration resulted in filtration difficulties, especially in cotyledon 
material of lupines. It has previously been pointed out by Denny (6) that 
unless the plant material is distinctly acidic there is little justification for 
employing CaCOg to prevent the possible hydrolysis of sucrose. In some 
preliminary studies ft was found that young seedlings containing large 
amounts of sucrose, when extracted with and without the aid of CaC0 3 , gave 
comparable results. Accordingly, it seemed best not to include CaCOs ,* for 
its inclusion results in certain complications of analysis and may possibly 
render extracts sufficiently alkaline to result in a loss of ammonia (if present 
in appreciable quantities) during the removal of alcohol to obtain water 
extracts for nitrogen fractions. Eight to nine extractions at 6-hour intervals 
secured complete extraction in 2 to 3 days. After the first extraction the 
residue in the flasks were, in the subsequent extractions, covered with hot 60 
per cent, alcohol, heated to gentle boiling for 5 minutes and allowed to .cool 
before filtering. After the extractions were completed and the extracts 
diluted to a convenient volume, nitrogen fractions were determined without 
delay. Thus any changes which seem to occur in nitrogen fractions during 
storage of alcoholic extracts (57, 63, 64) were reduced to a minimum. 

Analysis of extracts 

Solids and soluble nitrogen were determined on suitable aliquots. 

Soluble nitrogen fractions. — The alcohol was removed from suitable 
aliquots, the water suspension cleared, and made to volume (2). 

Ammonium nitrogen was determined on 20-cc. aliquots of the water 
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TABLE III 

Concentration op ammonium nitrogen in stems and roots of ammonium-nourished 

SEEDLINGS ON FRESH WEIGHT BASIS 


Pertod OF growth 

Pumpkin 

Peanut 

White lupine 

Yellow lupine 


Stems 

Roots 

Stems 

Roots 

Stems 

Roots 

Stems 

Roots 

3 days 

% 

% 

% 

% 

% 

% 

% 

0.007 

% 

0.009 

6 “ 

0.012 

0.022 

0.017 

0.023 

0.010 

0.009 

0.027 

0.020 

9 “ 

0.025 j 

0.027 

— 

— 

i ■ 

— 

— 

— 

12 “ 

— 

— 

0.019 

0.025 

0.021 

0.036 

— 

— 

14 “ ........... 

0.044 

0.045 

— 

— 

— 

— 

0.045 

0.045 

16 “ 

— 

: 

— _ 

— 

0.046 

0.087 

— 

— 

18 “ 

— 

— — 

0.027 

0.030 

. 

— 

— 

— 

30 “ 

— 

— 

0.037 

0.032 

— 

* 

_ 

— 


extract in the Van Slyke-Cullen aeration apparatus. The aliquot was made 
0.6 per cent, sodium hydroxide by the addition of 10 per cent, sodium 
hydroxide and aerated into 25 cc. of N/50 standard sulphuric acid, employing* 
capryl alcohol to prevent foaming. 

The ammonium-free aliquot was neutralized with glacial acetic acid added 
dropwise and an additional drop added to slightly acidify the mixture, which 
was then carefully transferred to a 50-ec. volumetric flask, the tube being 
carefully rinsed several times into the flask with small portions of distilled 
water. The flask was made to volume and the amino nitrogen determined 
on 2.5-ec. aliquots in the Van Slyke amino-nitrogen apparatus. 

Ten-cc. aliquots of the cleared water extract were hydrolyzed (25) , cooled, 
nearly neutralized with 1.5 cc. of 50 per cent. NaOH and allowed to recool. 


TABLE IV 

Concentration of total sugars in stems and roots of ammonium-nourished seedlings 

on fresh weight basis 


Period of growth 

Pumpkin 

Peanut 

White lupine 

Yellow lupine 

Stems 

Roots 

Stems 

Roots 

Stems 

Roots 

Stems 

Roots 



% 

% 

% 

% 

% 

% 

% 

% 

3 days 



— 

— 

— 

— 



0.214 

0.050 

6 

a 

0.276 

0.114 

1.383 

0.639 

0.625 

0.510 

0.006 

0.009 

9 

it 

0.062 

0.042 





None 







■ 

U.UUo 

12 

tc 

— 

— 

0.877 

0.269 

0.136 

0.040 

— — - 

— 

14 

a 

0.006 

0.012 

— 

• 

0.009 

0.017 


" ' _ 

16 

a 

— 

— 

— 

— 

— 

— 



___ _ 

18 

a 

— 

— 

0.42.4 

0.220 

— 

— 

■■ ■ 



30 

a 

— 



0.040 

0.010 

— 

— 

— 

— 
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The solution was then made neutral to neutral red, and without delay made 
0.62 per cent. NaOH and aerated into 25 cc. of N/50 standard acid. This 
gave ammonium equivalent to ammonium plus amide nitrogen. In the light 
of the recent findings of Pucher et al. (28), Vickery (61, 62) , Stuart (57) , 
Schlenker (46), Davidson and Shive (5), Hulme (11), Richardson (42), 
Tottingham et al. (59), the present methods of analysis of N-fractions are 
seriously in need of further critical examination. 

Soluble carbohydrates. — Direct reducing sugars and sucrose were deter- 
mined on cleared and deleaded aliquots of the alcoholic extracts (2). A 
modification of the Tompsett method (23) was employed in all carbohydrate 
determinations. 

Starch, insoluble acid-hydrolyzable polysaccharides, and nitro- 
gen. — Starch, insoluble acid-hydrolyzable polysaccharides, and nitrogen 
were determined on the residues (2). The peanut was the only species 
studied which contained starch. Dextrins were determined in the extracts of 
the peanut and included with the starch. Owing to the large sugar blank 
on the high grade commercial taka-diastase distributed by the Parke, Davis 
Co., it was found necessary to dialyze the preparation free of sugars before 
use (7). In the case of the peanut cotyledons, the residues were extracted 
with ether before determining starch. 

Expressing results. — It seemed that the results obtained in this type of 
investigation would in general be expressed most significantly on the basis 
of weight of the respective constituents per hundred seedlings. In order 
more conveniently to study the various trends on a comparable basis, the data 
were plotted graphically, thus facilitating a picturization of the relations in 
figures 1 to 8. The increases or decreases in the various constituents for the 
particular organs of a given species, resulting from ammonium nutrition, 
are readily shown in these figures. Certain conditions existing in the various 
species are more comparable when the constituents are expressed as per- 
centage of fresh weight (tables III and IV) . In order to make a comparable 
study of the seedlings with respect to growth response, ammonium absorp- 
tion, and ammonium utilization in relation to the food reserves of the seed, 
certain constituents were expressed on a comparable basis of amount of con- 
stituent per 100 gm. of dry ungerminated kernels in figures 9 to 11. 

Significance of results. — Having carefully selected the seeds and again 
the young seedlings for uniformity, variations in duplicate samples of the 
experimental plant material owing to individual variations of the plants were 
reduced to a minimum (often within the limits of error of the methods of 
chemical analysis (1 to 2 per cent.) ), by the choice of a large number of indi- 
viduals (50 to 100) per sample. Differences greater than 4 to 8 per cent, 
between the averages of four determinations per constituent of the two series 
respectively were considered significant. 
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Experimentation 
Plan of experiments 

Preliminary experiments were performed to determine the age of the 
seedlings of the various species at the time when starvation symptoms were 
apparent as the result of ammonium nutrition. Having thus determined the 
starvation periods for the various species, intervening sampling periods were 
chosen at suitable intervals in an attempt to obtain information useful in 
interpreting the conditions associated with ammonium injury. 

Note that when the term ‘ ‘ ammonium injury” is used in the following dis- 
cussions it is not meant to imply that ammonium as such is injurious, as some 
writers seem to believe, but rather to convey in a convenient manner the 
complex of conditions associated with plants injured by ammonium nutrition. 
In short, the writer prefers to consider ammonium as only one of the various 
factors bringing about such pathological conditions. To be more specific, in 
the eases of the ammonium injury reported in the following discussions 



Fig. 1 . Pumpkin. Fresh weights and carbo- Fig. 2. Pumpkin. Nitrogen fractions in 

hydrates in grams per hundred seedlings. grams per hundred seedlings. 
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the writer prefers to consider that this condition is “ injury due to extreme 
carbohydrate deficiency/’ since this would accurately express the truth; for, 
other conditions being favorable, including the presence of available carbo- 
hydrates, ammonium is not toxic. 

Experiments with pumpkin 

The pumpkin seedlings were sampled at 6-, 9-, and 14-day periods. (The 
number of the days indicates the time elapsed from the date on which the 
young seedlings were transferred to the culture solutions.) The data 
obtained are graphically presented in figures 1 and 2. 

A consideration of the fresh weight curves reveals the beneficial effects of 
ammonium on the growth of the stems and cotyledons during the earlier 
stages of growth. This favorable effect w r as previously noted (2) . However, 
growth of roots was retarded. Similar growth relations were noted by 
Reid (41) when etiolated seedlings were supplied with nitrates. The pump- 
kin differs materially from the other seedlings in that the cotyledons become 
very much expanded (growth) and succulent, and serve as very efficient 
photosynthetic organs in the light. At 14 days, the small leaves of the 
ammonium-fed epicotyls showed typical carbohydrate starvation symptoms 
(desiccation of the small young leaves). 

The sugars were rapidly depleted in all organs by ammonium nutrition 
(fig. 1) with simultaneous decreases' in amounts of hemicellulose. Sucrose, 
although present in appreciable amounts at the beginning of the experiments 
(table II), especially in the cotyledons as in the other species, disappeared 
at a much more rapid rate than the reducing sugars. Starch was absent from 
all tissues. 

Nitrogen fractions. — The curves (fig. 2) show the remarkably rapid rate 
of ammonium absorption and utilization. In the early stage, protein forma- 
tion especially in the roots was favored by ammonium nutrition, but not at 
the expense of the protein reserves of the cotyledons. It is of interest to note 
that the root development was retarded, even though protein formation was 
favored. These relations are to be expected since it has been repeatedly dem- 
onstrated by various investigators that root development is favored by higher 
carbohydrate conditions. In the intermediate stage (9-day) protein forma- 
tion was retarded in the roots with a simultaneous increase in the stems, 
although not appreciable. Ammonium nutrition resulted in a sparing action 
on the reserve proteins at this stage. Amides strikingly had accumulated 
at this period while ammonium also accumulated in appreciable quantities 
in all organs. At the period of carbohydrate starvation (14 days) the syn- 
thetic processes were seriously disrupted as evidenced by the decrease in 
amino acids and amides. However, these conditions were just the reverse 
in the roots. The accumulation of amino nitrogen with a simultaneous 
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decrease in total soluble organic nitrogen in the ammonium-nourished coty- 
ledons suggests that the amino acids accumulate at the expense of the more 
complex soluble compounds (polypeptides, etc.). 

Experiments with peanut 

The seedlings were sampled at 6, 12, 18, and finally at 30 days when 
ammonium injury was apparent (starvation symptoms — desiccation of the 
older leaflets). Control seedlings were grown for 40 days when starvation 
symptoms were evident similar to those observed in the ammonium-nourished 
seedlings. There was no nodule formation in either series of the peanuts and 
lupines, and no evidence of nitrogen fixation was obtained. As is shown in 
figure 3, the seedlings did not respond significantly to ammonium nutrition 
during the early stages. The differences in amount and concentrations of 
sugars between the two series were amplified as the seedlings approached 
starvation especially in the roots. Somewhat similar trends were also appar- 



Fig. 3. Peanut. Fresh weights and carbohy- 
drates in grams per hundred seedlings. 
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Fig. 4. Peanut. Nitrogen fractions in grams 
per hundred seedlings. 
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ent in the hemicelluloses and to a less extent in the starch in the cotyledons 
and roots. The trends in the nitrogen relations (fig. 4) were not as striking 
as those noted in the pumpkin. The initial drop in the nitrogen-fraction 
curves in the roots is due to the fact that the plumules and upper hypocotyls 
were not separated from the radicles at the initial sampling period. The 
relative rates of absorption and utilization of ammonium were considerably 
less than those noted in the pumpkin. Ammonium nutrition resulted in 
significant increases in protein at 12 days, but not at the expense of the 
protein reserves, owing to presence of adequate carbohydrate reserves. 
Marked increases in the soluble organic nitrogen fractions in the roots were 
favored by ammonium nutrition until the 18-day period. There seems to 
have been considerable translocation of the organic nitrogen from the roots 
to the tops in both series during the 18- to 30-day period. The decided 
increase in soluble organic nitrogen of the stems during this period seems 
to have been in part due to the movement of organic nitrogen from the 
cotyledons. The leveling of the organic nitrogen curves during this period 
suggests that the marked increase in the stems must have been caused by 
inward movement of organic nitrogen from the roots. Although the syn- 
thetic processes were materially inhibited during the carbohydrate starvation 
period (18 to 30 days) there seems to have been no serious breakdown of 
total organic nitrogen or of amides by ammonium nutrition even at the point 
of serious carbohydrate deficiency (fig. 4). 

Experiments with white lupine 

Seedlings were sampled at 6, 12, and finally at 16 days, when ammonium 
injury appeared characterized by typical starvation symptoms as pre- 
viously described for the pumpkin (desiccation of the leaflets). The analyti- 
cal data are presented graphically in figures 5 and 6. Ammonium nutrition 
resulted in better growth of roots, and inferior growth of tops, which was 
true throughout all stages. These relations were also noted in the yellow 
lupine experiments. Considerable enlargement of the lower hypocotyl 
resulted from ammonium nutrition. This enlargement was not caused by 
increased secondary thickening, but by enlargement of pith and cortical 
cells. Better development of lateral roots was favored by ammonium nutri- 
tion. Although significant decreases in sugars were noted in all organs of 
ammonium-nourished seedlings the hemicelluloses were not significantly less 
than in the cotyledons of the control except at starvation. The synthesis 
of organic nitrogen from ammonium proceeded rather smoothly during the 
early stages in all organs, especially the roots. However, ammonium nutri- 
tion resulted in a serious disruption of synthetic processes in the carbohydrate 
starvation period (12 to 16 days) ; amides were remarkably decreased in all 
organs of the plants, and ammonium accumulated in considerable quantities 
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in the stems and roots ; however, the amino nitrogen simultaneously increased 
in these organs. During this period amides and amino nitrogen increased 
in the stems and cotyledons but decreased slightly in the roots of the controls. 

Experiments with yellow lupine 

Samplings were made at 3, 6, and finally at 9 days when carbohydrate 
starvation symptoms were apparent in the ammonium-nourished seedlings. 
Data obtained are presented graphically in figures 7 and 8. Very narrow 
differences in fresh weight of the various organs were obtained in the two 
series during the early stages (3 days). At 6 days the growth of the am- 
monium epicotyls was noticeably stunted, which is reflected in fresh weight 
difference in the stems in figure 7. This difference was much more pro- 
nounced at carbohydrate starvation (9 days). The depletion of sugars by 
ammonium nutrition -was very marked at 3 days, especially in the roots, in 
which regeneration of hemicelluloses was materially hindered especially 



Days 6 12 16 6 12 16 6 12 16 Days 6 12 16 6 12 16 6 12 16 


Eiu. 5. White lupine. Fresh, weights and Pig. 6. White lupine. Nitrogen fractions in 
carbohydrates in grams per hundred seedlings. grams per hundred seedlings. 
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during later stages. Hemicelluloses seemed to have decreased in the stems 
during the 3- to 6-da,y period. 

In the early stage, ammonium effected a significant increase in organic 
nitrogen, especially in the roots, where there was a significant increase in 
protein nitrogen. By the sixth day this increase in protein nitrogen had 
disappeared ; however, during this same period there was a marked increase 
in amide and amino nitrogen which were favored by ammonium nutrition. 
This trend was not as great in the stems during this period. During the 
period of carbohydrate deficiency (6 to 9 days) the synthetic processes were 
seriously disrupted, especially in the stems, as a result for the most part of 
carbohydrate deficiency. Both amide and amino nitrogen decreased, and 
ammonium accumulated considerably. During this same period there was 
a remarkable increase in amide and amino nitrogen in the control stems. 

These findings concerning the yellow lupine constitute a more complete 
story of the metabolism of the etiolated yellow lupine seedlings than the 
reports by Prianischnikow and his co-workers (29, 30, 31). These investi- 
gators sampled the etiolated yellow lupine seedlings at ten days and did not 
make samplings at intervals during the life period. As indicated in figures 
7 and 8, the life period of the etiolated yellow lupine seedlings supplied w T ith 
ammonium was 9 days. After having determined the life period of the seed- 
lings in preliminary trials, samplings were made at convenient intervals 
which were considered of interpretative value in respect to the various 
internal changes which occur during the progress of growth. 

As indicated in the remarks concerning the other species of seedlings em- 
ployed in these studies, a similar procedure of sampling the material for 
analysis was carried out. From the foregoing studies of ammonium nutri- 
tion, the following trends were noted in the various species of seedlings 
employed : 

(1) In the early stages of growth, when available carbohydrates are 
abundant, ammonium is readily absorbed and utilized, resulting in protein 
synthesis which is especially evident in the roots. There is a tendency for 
growth of the seedlings to be favored by ammonium. Duration of these early 
stages varies considerably with the various species and seems to be associated 
somewhat with the type and amount of food reserves stored in the kernel. 

(2) In the intermediate stages when available carbohydrates are less 
plentiful, although ammonium is absorbed and utilized, proteins are broken 
down and amides accumulate. During this period ammonium has little 
effect upon growth. 

(3) During the carbohydrate starvation period, when available carbo- 
hydrates have become seriously depleted, ammonium is neither utilized, nor 
absorbed ; proteins continue to be broken down ; amides are decomposed ; am- 
monium accumulates; and there may, or may not be, an increase in am- 
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monium nitrogen. There is a tendency for leaching of nitrogen from the 
seedlings to occur during this period as will be shown later. Carbohydrate 
starvation becomes progressively evident as characterized by cessation of 
growth followed by desiccation of the aerial organs. The accumulation of 
ammonium during this period is a clue to the breakdown of organic nitrogen 
compounds resulting from extreme deficiency of available carbohydrates. 

Comparative study of seedlings 

The comparative growth responses of the various species of seedlings 
supplied with ammonium are of interest with respect to their relationship 
to the food reserves. In figure 9 the fresh weights are presented on a com- 
parable basis as a criterion of growth response. 

During the early and intermediate stages of growth of the seedlings when 
sugars were plentiful (table IV), the ammonium absorption curve (fig. 10) 
closely paralleled the ammonium utilization curve (fig. 11) for the respective 



Fig. 7. Yellow lupine. Fresh weights and Fig. 8. Yellow lupine. Nitrogen fractions in 

carbohydrates in grains per hundred seedlings. grams per hundred seedlings. 
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species. During the later stages of growth as the available carbohydrate 
supply became exhausted (table IV), these curves diverged from each other 
due to the cessation of ammonium absorption in conjunction with the con- 
tinued breakdown of the simple organic nitrogen compounds which results 
in ammonium accumulation (table III). The leaching of nitrogen from the 
seedlings during the carbohydrate starvation period is indicated in figure 10. 

Although in the early stages of growth the concentrations of sugars in the 
stems and roots of the peanut seedlings are approximately six times the con- 
centration of sugars in the stems and roots of the pumpkin seedlings (table 
IV)., the rate of ammonium utilization by the peanut seedlings is about one- 
third the rate of ammonium utilization by the pumpkin seedling. This 



Fig. 9. Fresh weights of seedlings supplied with ammonium nitrogen (calculated on 
comparable basis as fresh weight in grams produced from a hundred grams of dry 
ungerminated kernels). 

apparent inconsistency seems to be caused by inherent differences in the 
metabolic characteristics of the species not measured by the present chemical 
methods. It is difficult to understand why the peanut seedling should be so 
sluggish in its response to ammonium when the sugar concentration (table 
IV) in the actively growing seedling is so much greater than in the very 
responsive pumpkin seedling. The sluggishness of the peanut seedling can- 
not be attributed to an inferior absorption mechanism, for the concentrations 
of ammonium in the seedling of the peanut and pumpkin seedlings are 
approximately the same (table III). The behavior of the peanut seedlings, 
and their relatively long life period closely resemble the Phaseolus seedling 
(2) which represented the typical starchy legume type. 

The apparent sluggishness of the peanut seedlings with respect to am- 
monium absorption and utilization seems to be associated in part with the 
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sluggish growth characteristics (fig. 8). On the other hand the remarkable 
response of the pumpkin seedlings with respect to ammonium absorption and 
utilization appears to be associated with the relatively rapid growth rate 
(fig. 8). This rapid growth rate seems to be related to the rapid conversion 
of the fatty reserves into sugars, which are utilized in growth and respiration 
but are not stored as starch, as occurs with a considerable portion of the 
sugars in the early stages of growth of the peanut seedlings. 

The relative rates of respiration of the various species of seedlings should 
have thrown considerable light upon their comparative responses to am- 



Fig. 10. Absorption of ammonium nitrogen by etiolated seedlings (calculated as dif- 
ference in total nitrogen between the ammonium seedlings and control seedlings on com- 
parable basis of a hundred grams of dry ungerminated kernels) . 

monium. Of special interest would be a comparative study of the respiration 
of the peanut and pumpkin seedlings of which the ungerminated kernels are 
high in oil. The rapid conversion of the oil to starch makes the peanut a 
starchy type, whereas there is distinctly no such conversion in the pumpkin 
seedlings which are so responsive to ammonium. A study of the respiration 
of the yellow lupine seedlings would be of interest in connection with the high 
protein reserve in the ungerminated kernels. 

A comparative relationship of the soluble and total solids in the seedlings 
is presented in table Y. In order more conveniently to make comparisons, 
the data pertaining to the solids in the seedlings have been purposely con- 
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densed to the form in which they appear in this table. Data pertaining to 
all of the species of seedlings appear for the 6-day period. And finally, data 
on solids at the period of extreme carbohydrate starvation, of the ammonium- 
nourished seedlings appear for the respective species. At the 6-day period 
the pumpkin seedlings increased in total solids, but markedly decreased there- 
after. There seems to be no consistent trend with respect to the effect of 
ammonium upon the total solids. In the case of the pumpkin, however, 
ammonium resulted in a very significant decrease in total solids at the 14-day 
period. This seems to be the resultant of increased respiration because of 
the favorable effect of the ammonium upon the growth of these seedlings. Of 



Pig. 11. Utilization of ammonium nitrogen by etiolated seedlings (calculated as dif- 
ference in organic nitrogen between the ammonium seedlings and control seedlings on com- 
parable basis of a hundred grams of dry ungerminated kernels) . 

the respective species, the loss of total solids during the life period was great- 
est in the case of the peanut, which seems to be associated with its long life 
period and the nature of the food reserves in its kernels. 

General discussion 

A few remarks in regard to the present status of the nitrogen relationships 
in seedlings are now presented for the purpose of orientation. One of the 
most striking observations has been the accumulation of amides in shoots of 
growing seedlings (especially of the Leguminosae) , when germinated in dark- 
ness for two or three weeks. This observation has been the subject of much 
discussion in recent years. In some seedlings, the proportion of amides to 
amino acids is fairly uniform at certain stages of germination, while at other 
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TABLE V 

Solids in seedlings as percentage of dry ungerminated kernels (N = ammonium- 
nourished seedlings; C = control seedlings) 


Period of 

GROWTH 

Pumpkin 

Peanut 

White lupine 

Yellow lupine 

Soluble 

solids 

Total 

solids 

Soluble 

solids 

Total 

solids 

Soluble 

solids 

Total 

solids 

Soluble 

solids 

Total 

solids 


% 

% 

% 

% 

% 

% 

% 
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6 days N 

46.7 
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22.6 

96.4 

45.9 

95.9 

47.8 
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■ ■ . 
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49.5 
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— 
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81.3 
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— 

— 

— 

SO days N 

— 
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— 

24.4 
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— 
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stages amides prevail. Recently Pucher (28) and Vickery (62) have 
demonstrated the widespread occurrence of glutamine in seedlings. Seed- 
lings of legumes are rich in asparagine, while high oil-containing seeds, such 
as the sunflower, pumpkin, and castor bean, produce considerable amounts of 
glutamine. It has been shown that the amides accumulate in greater amounts 
than can be accounted for by direct hydrolysis of reserve proteins. Recently 
Klein and Taubock (12, 13) have emphasized the importance of basic amino 
acids which accumulate in considerable amounts in certain types of seeds on 
germination, with special attention given to arginine. Little is known con- 
cerning the interrelationships and significance of these facts. 

Schulze (47-53) and Prianischnikow (29-34, 39) have independently 
conducted a long series of investigations in which attempts were made to 
throw light on these phenomena. Both agree that much asparagine is formed 
during germination, and that under favorable conditions it is used in protein 
synthesis. Ammonium is formed by deaminization, probably by oxidation 
of amino acids. The origin of succinic acid, which they postulate plays an 
important role in asparagine formation, is somewhat obscure. Schulze (50) 
is inclined to believe that amino acids —> ammonia breakdown with subsequent 
formation of asparagine is to a large extent an essential process, and that 
asparagine is the chief source of nitrogen for protein synthesis. 
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Prianischnxkow (29-37, 39) regards asparagine chiefly as a by-product 
in which form the surplus, and harmful though valuable ammonium may be 
stored for future use. He believes that the accumulation of amides is depen- 
dent upon a proper carbohydrate-nitrogen balance. When excess carbohy- 
drates are present, as in photosynthesis, asparagine disappears owing to 
favorable conditions for protein synthesis. When this condition exists, 
asparagine serves as a translocatory form of ammonium and is utilized in 
protein synthesis. Ci-iibnall is in favor of this view (3, 4). When a 
reasonable amount of carbohydrates is present, as in the early growth stages 
of etiolated seedlings, there is an accumulation of amides, for conditions are 
not favorable for maximum protein synthesis. But when extreme deficiency 
of carbohydrates is obtained, there is no opportunity for the accumulation 
of asparagine, owing to lack of oxidation products upon which asparagine 
synthesis depends. Under these latter conditions, ammonium accumulates, 
thereby becoming toxic. The writer seriously questions the validity of such 
an inference regarding the toxicity of ammonium, because it may accumulate 
considerably in plants without injury (14, 44). He prefers to think of the 
pathological condition during which ammonium accumulates as caused by 
an unfavorable complex of conditions in which depletion of available carbo- 
hydrates plays a predominant role, and that the accumulation of ammonium 
is probably a resulting phenomenon, but not the cause of the condition. 

Murneek (20) in recently reviewing the role of asparagine and related 
substances in plants has not seemed to have critically evaluated the findings 
and conclusions of Prianischnikow. It seems that, although amides accumu- 
late under certain conditions, there is little justification for assuming that 
amides serve as efficient detoxicants of ammonium. It is believed that further 
studies of the so-called “acid plants” (14, 43, 44) subjected to ammonium 
nutrition should stimulate new lines of thought in regard to these phases of 
nitrogen metabolism. The writer prefers to consider the accumulation of 
asparagine to be a resultant of certain carbohydrate-nitrogen relations and 
that it really does not serve a purpose in the detoxification of ammonium. 

Owing to the lack of a definite understanding of nitrogen relations exist- 
ing in normal seedlings, it becomes very difficult to make a satisfactory 
analysis of the results obtained in this investigation. Accordingly, some 
interpretations and generalizations in regard to the conditions brought about 
by ammonium nutrition in the etiolated seedlings are of necessity partially 
speculative. In order to grow plants under controlled conditions, they must 
necessarily be placed under somewhat artificial conditions. Even though the 
seedlings employed in this study were grown under extremely artificial con- 
ditions (40), it is believed that a proper analysis of the controlled environ- 
mental factors in conjunction with a careful consideration of the differences 
brought about by the variable (ammonium supply), should throw light upon 
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certain phases of plant metabolism which may not otherwise be obtained. 
From this viewpoint, this study was deemed justifiable in the light of the 
present confusion regarding the role of certain nitrogen compounds in the 
normal metabolism of plants. 

In these experiments it was found that growth response of the various 
seedlings supplied with ammonium salts was in part dependent upon the 
nature of the food reserves. In this connection, Reid (41) has mentioned 
some of the practical implications arising from studies of the response of 
etiolated seedlings to nitrogen supplied in the form of nitrates. Owing to the 
wide differences in the morphological characteristics, as well as to the complex 
hereditary tendencies inherent in the various species, it becomes somewhat 
far-fetched or questionable definitely to assign the different types of response 
(growth and certain internal conditions measurable by present chemical 
methods) to the type and amount of food reserves existing in the kernel. 
Certainly the hereditary tendencies in conjunction with modified physico- 
chemical relationships must play an important part in determining the 
responses of various seedlings to ammonium nutrition. The trends noted 
in these species would in no wise be expected to occur in the “acid plants” 
of Ruhland and Wetzel (43,44), especially with respect to the amide 
relations. 

A further complication in making certain generalizations in such an in- 
vestigation is the lack of knowledge as to the exact nature of the food reserves 
in the seeds,* for example, ether extract and hemicelluloses are empirical 
terms assigned to groups of substances (more or less heterogeneous) about 
which little is specifically known. Miller (19) gives a comprehensive his- 
torical review of the earlier investigations pertaining to the ether extract as 
storage material in the seeds and the changes it undergoes during germina- 
tion. In this connection he (19) has studied quite extensively the changes 
occurring during the germination of sunflower seedlings. Little work has 
been done on hemicelluloses of seeds and seedlings, aside from the studies 
carried out by Schulze (1889-1910). Reserve protein is an ambiguous 
term, in that it is so closely interrelated to non-reserve protein that a differ- 
entiation of the two forms as they occur in the storage organs is beyond the 
scope of present methods of chemical analysis (2,2). Furthermore, little is 
known concerning the nature and role of non-protein nitrogen in the seed and 
seedlings, especially the “rest nitrogen.” 

The question as to the mechanism of ammonium absorption by plants has 
received but little consideration. Nevius (17, 18) believes that ammonium 
absorption increases in neutral or slightly alkaline solutions, owing to the 
greater degree of hydrolytic cleavage of the salts and correspondingly greater 
ammonia tension, which determines to a large extent the physiological effects 
of ammonium salts. Furthermore, he states that the injury may result from 
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a too rapid accumulation of ammonium under neutral or slightly alkaline 
conditions. Naftel (21) believes that ammonium alters the colloidal com- 
plex of the protoplasm which in turn affects the rate of absorption of am- 
monium. The study of interionic absorption, to say the least, involves many 
complications (Pirschle, 26, 27 and Nevius, 17, 18). Although in accord- 
ance with absorption principles, these explanations are quite theoretical and 
the assumptions call for experimental verification. Hoagland (8), Lunde- 
gardh (16), and Steward (56) have briefly reviewed some recent papers 
pertaining to ionic absorption. Hoagland and Broyer (9) believe that the 
absorption of ions is dependent upon metabolic activity. This view seems 
highly speculative. Hoagland (8) also emphasizes the importance of the 
buffering system of plant sap as a factor in ionic absorption. Prianisch- 
nikow (36, 37) has recently shown that the rates of absorption of ammonium 
and nitrate by etiolated seedlings from single salt solutions of ammonium 
nitrate varies considerably with the pH of the culture medium and the age of 
the seedlings. However, no attempt was made to determine the extent of 
utilization. The author questions the value of such experiments in which 
single salt solutions are employed. 

One thinks of the ammonium ion, after having entered the root of seed- 
lings, as affecting directly or indirectly innumerable processes which in turn 
have a direct bearing on metabolism and growth. Various physico-chemical 
relationships in the cellular structure must be altered by the ammonium ion, 
such as permeability, translocation, pH, and interionic relations within the 
plant tissue. Holley et al. (10) have shown that ammonium definitely 
reduced calcium absorption, which in turn may affect materially the mobili- 
zation of carbohydrates and other substances. The physico-chemical effects 
of ammonium may be expected to modify many metabolic processes such as 
hydrolytic reactions (hydrolysis of reserves, etc.), translocation of hydrolytic 
products, mobility and lability of sugars, amino acids, etc., respiration (in 
this investigation certain relations concerning dry weights seemed to suggest 
that respiration was little affected by ammonium nutrition under the con- 
dition of these experiments), and synthetic processes, which in turn largely 
determine the organo-chemical response of seedlings to ammonium nutrition. 

In this nitrogen investigation of etiolated seedlings supplied with am- 
monium, injury resulted from the extreme deficiency of available carbo- 
hydrates. The concentration of ammonium did not increase greatly when 
carbohydrate deficiency became very severe; however, during this period 
leaching of nitrogen occurred from all species studied except perhaps the 
peanut seedlings. Kultzscher (14) concludes that the reaction of the cell 
sap is important in the storage of ammonium. More information is seriously 
needed concerning the extent and conditions under which ammonium may 
accumulate in plants without injury in order to more satisfactorily evaluate 
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the role of ammonium in plants. More extensive organo-chemical investiga- 
tion supplemented with histological and physico-chemical studies are needed 
in order to obtain a more satisfactory conception of the conditions associated 
with so-called * 4 ammonium injury 77 which in a large measure seems to be 
caused by the depletion of available carbohydrates. 

Summary and Conclusions 

1. A brief resume of Prianischnikow's investigations pertaining to the 
role of ammonium in the nitrogen metabolism of etiolated seedlings and a 
critical analysis of his methods are included in the introduction, 

2. With the adaptation of improved methods this investigation involves a 
further study of the effects of ammonium nutrition on the carbohydrate and 
nitrogen relations of etiolated seedlings. Seedlings of the following species 
were employed : 

Cucurbit a pepo (high oil reserve) pumpkin 
Arachis hypogaea (high oil reserve) peanut 

Lupinus albus (high hemieellulose and protein reserve) white lupine 
Lupinus luteus (high protein reserve) yellow lupine 
The seedlings were fractionated into stems, cotyledons, and roots for the 
analyses which were made at suitable intervals until the plants showed car- 
bohydrate starvation symptoms. 

3. In this investigation the conditions which resulted during ammonium 
nutrition cannot be ascribed to physiological acidity. In the light of modern 
principles of plant nutrition the methods employed by Prianischnikow 
render the basis for his classification of seedlings unjustifiable. 

4. The rate of absorption and utilization of ammonium was most rapid 
in the case of pumpkin. Although the oily reserve was rapidly converted 
into sugars no starch was formed therefrom. There was very little reversion 
of the sugars to fat in the seedlings. A marked depletion of sugars was asso- 
ciated with the rapid utilization of ammonium. Growth was favored by this 
association in the earlier stages during which time protein formation or re- 
generation was favored by ammonium nutrition. At the stage of extreme 
carbohydrate starvation (fourteen days) the protein and amide fractions 
were materially diminished in the stems while ammonium accumulated. 

5. Although the food reserves of the peanut kernel are somewhat similar 
to those of the pumpkin, the response of the peanut seedlings to ammonium 
was very sluggish. During the early stages of germination and growth of 
the seedlings the oily reserve was rapidly converted into sugars, and in turn 
much of the sugar was converted into starch in the cotyledons and in the 
primary roots. At the time of carbohydrate starvation starch had entirely 
disappeared from the primary roots ; however, a small amount of starch re- 
mained in the cotyledons. Even though the peanut kernels were high in oil 
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reserve the peanut seedlings behaved as physiological starchy legumes. The 
accumulation of amides favored by ammonium nutrition in the roots during 
the early stages was associated with a decrease in the sugars. Amides later 
decreased as sugars were further depleted. The ammonium peanut seedlings 
showed carbohydrate starvation symptoms at thirty days, while the controls 
showed similar symptoms at forty days. 

6. Ammonium was utilized especially by the roots until the twelfth day 
in the case of the white lupine. Ammonium nutrition resulted in a marked 
depletion of amides in all organs during the carbohydrate starvation period 
(12 to 16 days) due to the exhaustion of the sugar supply resulting from 
earlier utilization of ammonium. Ammonium rapidly increased during the 
carbohydrate starvation period. 

7. The yellow lupine seedlings utilized ammonium in the early stages 
(3 and 6 days). During the carbohydrate starvation period (6 to 9 days) 
ammonium was neither utilized nor absorbed. The amides were broken down 
and ammonium accumulated as a result of extreme depletion of available 
carbohydrates. 

8. All the seedlings studied absorbed and utilized ammonium during 
early stages of germination while the synthetic processes were disrupted dur- 
ing the carbohydrate starvation periods when ammonium accumulated as a 
result of the breakdown of organic nitrogen because of the exhaustion of 
available carbohydrates. Ammonium injury appeared to be associated with 
carbohydrate depletion but is not ascribed to any specific condition. 

9. In this investigation it appears to have been demonstrated that there 
are at least three distinct internal conditions with intergradations which are 
associated with the response of the etiolated seedlings to ammonium nutrition, 
namely : 

(1) In the early stages of growth when available carbohydrates are abun- 
dant ammonium is readily absorbed and utilized resulting in protein synthesis 
which is especially evident in the roots. There is a tendency for growth of 
the seedlings to be favored by ammonium. The degree of response and 
duration of these early stages varies considerably with the various species 
and seems to be associated somewhat with the type and amount of food 
reserves stored in the kernel. 

(2) In the intermediate stages when available carbohydrates are less 
plentiful, though ammonium is absorbed and utilized, proteins are broken 
down and amides accumulate. During this period ammonium has little effect 
upon growth. 

(3) During the carbohydrate starvation period, when available carbohy- 
drates have become seriously depleted, ammonium is neither utilized, nor 
absorbed; proteins continue to be broken down; amides are decomposed; 
ammonium accumulates, and there may, or may not be an increase in amino 
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nitrogen. There is a tendency for leaching of nitrogen from the seedlings 
to occur during this period. Carbohydrate starvation becomes progressively 
evident as characterized by cessation of growth followed by desiccation of the 
aerial organs. The accumulation of ammonium during this period is due to 
the breakdown of organic nitrogen compounds resulting from extreme defi- 
ciency of available carbohydrates. 
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STEXJCTUEE OF THE STAECH GEANULE 
0. L. Alsberg 

Introduction 

The purpose of this paper is to present an hypothesis regarding the 
anatomical 1 structure of natural starch granules. The hypothesis itself is 
not new ; it is a combination of parts of older hypotheses, but with the intro- 
duction of some concepts new for starch, though not new in themselves. The 
hypothesis, reduced to its simplest terms, wall first be stated without proofs 
at the risk of biasing the reader against it. The physical properties of 
granules, so far as pertinent, will be examined to determine whether the 
hypothesis is useful for understanding them. 

The hypothesis is based on certain observations recorded in the literature 
or newly presented here. These observations are : 

1. The starch granule may be made to swell and shrink by varying its 
water content. 

2. At ordinary temperatures, swelling in water is limited ; at higher 
temperatures, it is great and may lead to ultimate dispersion of most of 
the granule substance (gelatinization). 

3. The granule, if mechanically injured, i.e if it is chipped or cracked, 
swells greatly in cool water at the site of injury, and only there. 

4. The granule is insoluble in cold water. 

5. The granule, if mechanically injured, is more or less soluble in cool 
water by partial dispersion of the swollen portion. 

6. The natural granule consists — at least in large measure — of material 
in orderly arrangement and exhibits a characteristic x-ray diagram. 
The diagram may be changed by causing the granule to swell, and under 
some circumstances the process upon which the change in diagram 
depends is reversible. 

7. Completely anhydrous starch exhibits no x-ray diagram. 

8. Thoroughly ground-up and mechanically disintegrated starch 
exhibits no x-ray diagram. 

The hypothesis 

The peculiar anatomical organization of the intact granule restrains its 
swelling beyond a certain point in cool w r ater. This restraining anatomical 
structure is the parallel arrangement of the long-chain macromolecules of 
which the starch granules’ substance in large part consists. They are tied 
together in crystallites which are oriented radially in the granule. More- 

1 This word is used here to indicate that this paper does not deal with the finer molec- 
ular structure nor with the arrangement of the atoms in the molecule. 
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over, the starch-chain molecules possess an inherent tendency, probably due 
to intramolecular attraction of side groups for one another, to crumple or 
fold so as to reduce their own length. In crumpling, the macromolecule 
increases its diameter laterally,* it thickens. In the natural granule con- 
taining adsorbed moisture, the macromolecules are not crumpled or shortened 
to their utmost because, being surrounded on all sides by other molecules 
which are also trying to thicken, room for complete contraction is lacking. 
The molecules at the same time endeavor to adsorb water, whereby they 
are also thickened. Thus, in swelling, a lateral pressure is exerted on the 
chains or bundles of chains, the micelles, which not merely prevents them 
from contracting but may even lengthen them so that the granule enlarges 
its diameter. In a sense, therefore, the macromolecules of a granule con- 
taining adsorbed moisture may be said to be stretched. They differ from 
the macromolecules in a mechanically stretched wool fiber in that the stretch- 
ing force is a lateral pressure applied from all sides instead of a pull in the 
direction of the long axis of the fiber. The starch macromolecule is length- 
ened by squeezing, as one flattens a sheet of corrugated-iron roofing by lateral 
pressure ; wool macromolecules are lengthened by pulling, as one straightens 
a coil of soft wire. The micelles are prevented from swelling to capacity, 
because there is not room for them to thicken as much as would be necessary 
if they sorbed or associated water to the maximum possible for them in a 
mechanically free state. Therefore, the swelling of granules in cool water is 
limited. Conversely, as a granule is dried, the transverse diameters of the 
macromolecules become smaller ; the molecule shrinks laterally. The macro- 
molecules crowd against one another with less force ; space between them or 
between the micelles is made available to the extent that the water leaves. 
The granule shrinks until, in the completely anhydrous state, the chains 
approach a state of complete contraction. 

So much for the hypothesis. “We have now to present the evidence upon 
which it is based, and to test its usefulness in interpreting the physical 
properties of starch. 

Supporting evidence 
Swelling 

It has been established conclusively by actual measurement that the 
starch granule shrinks when dried, and swells again when moistened 
(3, 64, p. 18 ; 77) . Meyer (64) found that drying at 20° C. for only 2 hours 
shortened the longest diameter of a potato-starch granule, freshly prepared 
and washed in w T ater, by 15 per cent., and this observation has been confirmed 
in the writer's laboratory. Further drying at 90° C. for half an hour reduced 
its diameter by only 4 per cent. more. Additional final drying at 110° C. 
failed to produce further shortening. Total shrinkage is clearly very con- 
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siderable and therefore difficult to explain, as we shall see, if starch is com- 
posed of chain macromolecules that behave like those of fibers. 

As one would expect from the capacity of the granule to swell in cool 
water, granules saturated with moisture are quite elastic. They can be 
deformed by mechanical pressure ; but their greatest possible linear increase 
is only 3 to 6 per cent. Though very elastic, they do not stretch much (70, 
p. 39). 

Like textile fibers (8), starch seems to exhibit hysteresis with respect to 
moisture sorption. Only moderate shrinking is promptly reversible. Sharply 
dried granules, if exposed to water vapor, do not swell rapidly back again to 
their original volume (3, 107). 

Moreover, even moderate drying diminishes the power of starch granules 
to swell when boiled. They do not— at least for some time — swell to the same 
size that they would have reached had they not been dried (3) . 

Drying raises the gelatinization temperature (56, 73, 76) and affects other 
properties as well. 2 The length of time starch has been wet also seems to be 
of influence upon the gelatinization temperature (81). If drying is carried 
to the extreme, but only then, the x-ray diagram of the granule disappears ; 

2 The effect of treatment with alcohol and ether is probably also to be attributed to 
dehydration. Wheat starch treated only with ether yields pastes of much greater mobility 
than the same starch sample treated with both alcohol and ether (55). 

Not merely does thorough drying alter the swelling and water-sorption capacity, 
but starch thoroughly dried is said to be more easily hydrolyzed than it is before drying 
(79). Possibly this is because drying tends to produce rifts and cracks. Injuries tend 
to cause some of the starch substance to disperse (see pp. 298, 318). This interpretation 
finds support in the observation of Nageli (70, pp. 52, 63, 107) that the rifts and eavities 
grow larger in dry potato starch when it is placed in water. Meyer (64, pp. 96-99) and 
Baranetzky (13) have observed that dry grains are more quickly affected by diastase 
than freshly prepared ones, because fissures in them facilitate the entrance of the enzyme. 
Meyer also observed that potato starch, which is slowly attacked by diastase, is attacked 
more readily if the outer layer is broken. 

Brown and Heron (17) and Maquenne (59) have shown that mechanically injured 
granules are attacked with great rapidity by diastase, observations which have been con- 
firmed by Griffing ( cf . 2, 76). 

These effects of drying are therefore probably due to rifting of some of the granules 
which renders them partially soluble (see p. 309, and cf. also 87, 88). 

Dehydration may also account for some of the differences between root and seed 
starches. In roots, the starches are never dry; in many seeds, for example the small 
grains, the starch may be quite dry, for the moisture content may sink as low as about 
6 per cent. Indeed, the condition of the starch may perhaps account for some of the 
peculiar properties of flour made from such very dry wheat. Clearly, the starch of wheat 
harvested with a moisture content of 18 per cent, is not in a condition identical with that 
of wheat harvested with a low moisture content, say 8 per cent. It may be that some of 
the granules of very dry wheat, such as is harvested in semi-arid countries like California 
and British India, are rifted and thus influence the diastatic power of flour made from 
them. 



298 


PLANT PHYSIOLOGY 


incompletely dried starch retains its x-ray diagram (47, 48, 65, p. 1111; 66), 
some starches losing their x-ray diagram more readily than others (47, 48) . 

It has long been known that the temperature at which the grannies of a 
given starch species swell is distinctly different for grannies of different size. 
The phenomenon has recently been studied in some detail by Katz and 
Hanson (49). They concluded that each individual starch granule has a 
growth organization ( gewachsene Struktur) which resists swelling and which 
must be overcome if gelatinization is to take place. No doubt there must be 
some such organization, but it may well be substantially the same in all 
granules of the same species and yet permit granules of different sizes to 
swell at different temperatures. Some years ago, the writer (3) pointed out 
that the relation of the mass of swelling material to the surface area of 
granules must in itself be a factor in determining the fact that in the same 
sample large granules tend to gelatinize more easily than small ones. The 
volume of a sphere or its mass increases as the diameter increases much 
faster than does its surface area. Therefore, given structure of identical 
rigidity in two granules of different diameter, the larger one should swell 
more readily than the smaller. It should swell sooner as the temperature is 
raised, because it will begin to exert enough intragranular pressure to distend 
the restraining structures of the granule before these have been softened to 
as great a degree as they must be to permit the smaller granules to swell at 
all. This explanation is supported by the fact apparently first pointed out 
by Nageli (70, p. 68) that in granules with very eccentric lamination swelling 
begins sooner on their eccentrically larger side, while the smaller side is still 
unchanged. 3 Indeed in very eccentric granules swollen in dilute potassium 
hydroxide the eccentrically larger side may swell around the still unswollen 
hilum end so that the latter forms a depression until it, too, swells and the 
whole granule becomes more or less uniformly inflated (70, p. 77). The 
pressure exerted in swelling, however, must be unequal in such granules on 
the two sides, for the reason given above. It must be greater on the larger 
side and swelling must be greater there than on the smaller side. 

Mechanical injury 

That mechanically injured granules swell in a different manner was first 
observed by Schleiden (84), and has often been confirmed. A cracked or 
chipped granule swells at the site of injury and only there. Harrison (36) 
has reproduced a photomicrograph of such a granule. Injured granules, 

3 Katz and Hanson (49), however, report that in every sample there are a few 
grannies which partially resist gelatinization when heated to the threshold temperature at 
which gelatinization begins. Only a part of them becomes isotropic and stains with 
Congo red. This is commonest for eccentric granules. The eccentrically larger side 
may remain ungelatinized even when the smaller side has already undergone this change. 
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however, do not swell in anhydrous liquids such as pure glycerol ; though in 
reagents like potassium hydroxide swelling begins at the injured spot (11). 
In water, swelling does not extend into the interior of the granule and then 
gradually throughout the whole of the granule as one would expect if a 
limiting membrane were the only mechanism that prevented the swelling 
of uninjured granules. Nor does the swelling spread circumferentially to 
involve the material between the laminae that have been fractured, as one 
would expect if the laminae were separated by membranes. These phenomena 
are particularly striking in granules broken in two by a fracture passing 
through the hilum. The two halves swell and disperse only over the surface 
of the fracture and for a short distance beneath. The halves do not swell aw 
masse. They retain a normal appearance and their optical properties do not 
change except at the swollen fractured-surface region (31). Huss (41), 
moreover, has demonstrated that triturated potato starch suspended in water 
occupies a greater volume than an equal weight of uninjured starch because 
a part of it is swollen. Indeed, the degree of swelling depends upon the 
extent of the injury, for the swollen portions do not wholly disperse. An 
extensively injured granule may swell to very nearly the size it would have 
reached if boiled in the uninjured state, as was established by measurement 
with a micrometer eyepiece (31). This is apparently because the natural 
granule contains a-amylose (amylopectin), 4 which swells in cold water but 
does not disperse. 

4 There is much confusion in the nomenclature. It seems generally agreed that all 
starches contain a substance easily dispersed in water. For it, Meyer (64) introduced 
the term, g-amylose, which is still very generally used, though sometimes this substance 
is simply termed amylose. 

Many starches also contain insoluble material, which Meyer termed a-amylose, but 
later Maquenne termed it amylopectin. At that time, it was not yet known that some 
starches contain combined fatty acid of high molecular weight, while others contain 
none but usually instead phosphoric acid. The presence of phosphoric acid was dis- 
covered first, and it was believed that its presence was characteristic of a-amylose or 
amylopectin, so-called. Schoch (85, 105), however, has shown that in potato starch there 
is no insoluble fraction. According to this view, amylopectin is not a chemical individual, 
but merely g-amylose esterified to different degrees with phosphoric acid, or g-amylose 
in different degrees of association esterified with phosphoric acid. Kaden (44), working 
under the direction of C. J. Lintner, has questioned its very existence. Moreover, some 
native starches apparently contain no insoluble material at all, but consist wholly of 
g-amylose (38). 

The fatty-acid compound occurs preformed in cereal starches ; it is insoluble. It is 
the only insoluble substance whose existence preformed in native starches has not been 
questioned. It follows that it is the only substance generally admitted to occur in native 
granules which conforms to the specifications as regards insolubility laid down for 
amylopectin by Maquenne, who introduced this term. 

It seems, therefore, inadvisable to continue to employ the term amylopectin, for not 
all starches contain preformed insoluble material, though they may contain combined 
phosphoric acid. Further, amylopectin, so-called, has none of the chemical characteristics 
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The swelling of injured granules seems to be quite analogous in char- 
acter to that of granules gelatinized by heat. The two sorts of swollen 
granules behave similarly with respect to staining and they exhibit similar 
optical properties. Tannin acts only upon that part of the granule which is 
injured in the same manner in which it acts upon boiled granules (14). 
Intact granules do not stain with such dyes as Congo red (54), which are 
among the colloidal dyes, though granules are stained by other dyes. 
Fischer (27) found that, in granules impregnated with these dyes, picric 
acid precipitates the dyes in crystalline needles arranged radially. This 
may be taken as evidence of radial structure of the granule. 

Injured granules, however, stain easily with the dyes, like Congo red, that 
do not stain intact granules, the staining being restricted to the injured part 
(27, 31, 41, 112). Heat-gelatinized granules stain like the swollen, injured 
portions of unheated granules, but the staining tinges the whole of the granule 
(30). Huss (41) has, indeed, proposed the use of this phenomenon as an 
indicator to fix gelatinization temperatures. Congo red stains only the swol- 
len parts of granules ; allowing the granule to remain in the dye solution for 
48 hours does not result in the penetration of the dye much, if at all, beyond 
the swollen area. The dyed material appears granular, taking the dye 
unevenly, whereas granules gelatinized by heating stain uniformly and appear 
more homogeneous. 

Furthermore, Congo red dissolved in anhydrous glycerol does not stain 
injured granules, nor does it stain whole granules. After standing some time, 
however, the glycerol takes up water from the atmosphere and the injured 
granules begin to swell. 5 

The swollen portion of an injured granule loses its birefringence exactly 
like a granule gelatinized by heat. Here it should be pointed out that Katz 
and Hanson (50) believe that wet grinding as employed by Zwikker and by 
them acts in a way different from dry grinding as employed by Sponsler 
(95) and by Alsberg and Perry (7). Katz and Hanson found that wet 
grinding does not destroy birefringence (black cross with nicols crossed) 
or the x-ray diagram. As we shall see, dry grinding does not destroy bire- 
fringence either, except in the injured portion. In starch ground wet, change 

of pectin, nor does it serve similar functions. It has seemed best, therefore, to continue 
the practice of the writer and his co-workers in following Taylor and his co-workers (102- 
106) and Sherman and his co-workers by employing the term a-amylose for the insoluble 
fraction, and the term (3-amylose for the soluble fraction. It is recognized that this prac- 
tice is open to the objection that the Greek-letter prefixes have no essential connection with 
a stereochemical difference of the units composing the starch constituents, and that 
Katz and Weidinger (63) have questioned the identity of Taylor's substances with the 
correspondingly named ones of Meyer. 

s According to Fischer (27, p. 71), air-dry granules swell appreciably in a mixture of 
equal volumes of anhydrous glycerol and water. 
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in birefringence in the injured portion is not manifest because the injured 
portion swells and mostly disperses (cf. pp. 298-299). According to Spons- 
ler, sufficiently severe dry grinding destroys the x-ray diagram. According 
to Katz and Hanson (cf. also 51), -wet grinding does not. This difference is 
probably due not to difference in mode of action of the two methods of grind- 
ing, but to the fact that wet grinding, as employed by Katz and Hanson, 
did not disintegrate the granules nearly as completely as the very long dry 
grinding employed by Sponsler. Starch subjected to a shearing pressure 
( gleitendem Druck) of 20,000 atmospheres loses its x-ray diagram (65). 

The behavior of the swollen, injured part of a granule is similar to that 
of a granule swollen in toto by heating in water. Everything indicates that 
the swelling of injured granules is brought about by the same mechanism 
as gelatinization by heat. This suggests that neither gelatinization nor the 
alteration of the x-ray diagram brought about by gelatinization as described 
by Katz and co-workers 6 is accompanied by chemical alteration of the mole- 
cule in the strict meaning of the word. 

Membranes 

Many investigators (65) assume the existence of an outer, limiting mem- 
brane to explain some of the phenomena above described. In fact, there 
seems to be an outer, visible membrane, probably part of the protoplast which 
according to Hanson and Katz (34), may be more or less lost in the process 
of preparation. According to Zwtkker (112, pp. 61, 68) , the plastid is re- 
moved in the preparation of starch. It is obviously a delicate structure. Per- 
haps it affects some of the physical properties of starch. Thus Lachele (55) 
found that the granules of a commercial sample of wheat starch (Merck's), 
although neutral in reaction, became ruptured when swollen by boiling in 
water for 20 minutes, whereas a sample prepared by the method of Rask and 
Alsberg (75), which employs no other reagents than 1 per cent, sodium 
chloride solution, water, alcohol, and ether, did not. Naturally, the plas- 
ticities of the two starch preparations were different. Possibly the difference 
in their behavior was due to the removal in the one case and the preservation 
in the other of a natural, outer membrane or coating. In any event, such 
an outer coating can be but little concerned in the phenomena under con- 
sideration. If it were responsible for them, then commercial starches which 
contain granules that have lost this membrane in whole or in part (cf. 34) 
would contain an appreciable number of granules which are easily stained 
and disperse in water. As a matter of fact, such starches contain few such 
granules, and these are always plainly injured ones. 

6 See series of papers beginning in 1930 : Abhandlungen zur physikalischen Chemie 
der Starke und der Brotbereitung. In Zeitsehrift fur physikalische Chemie. Abteilung 
A. 
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The membrane in gelatinization. — The view that natural grannies have a 
strong outer memberane is based not upon seeing such a membrane with the 
microscope (cf. 64, p. 149) in unaltered granules, but upon observations on 
gelatinized granules. These observations are of two sorts: the appearance 
of gelatinized starch, and the distribution of phosphorus chemically deter- 
mined. 

Under the microscope, gelatinized granules appear to be sacs with elastic 
walls enclosing sol or very dilute gel. 7 The existence of a membrane could be 
demonstrated with a dissecting microscope, the microneedles of which had 
been replaced by fine glass hooks. These hooks were made to puncture a sac 
at opposite poles. By gradually screwing the hooks apart, the sacs of potato 
starch could be stretched to about twice their length. If stretching is con- 
tinued much beyond this point, the sac ruptures suddenly as if made of over- 
stretched elastic. If the stretched sac is not ruptured and the strain is then 
relieved, it resumes its original shape. By means of a resistance wire, the 
paste was heated on the stage of the microscope and the manipulations 
repeated. It seemed a little easier to deform the warm granules, but the 
difference was not great. It was not possible to decide whether cold, gela- 
tinized granules contain gel and hot ones sol (32). 8 There can be no doubt, 
then, that gelatinized granules are surrounded by an elastic, limiting mem- 
brane. It is this fact, principally, that has led to the inference, erroneous as 
we shall see, that this membrane preexists in natural granules. 

Phosphoric-acid content of membrane. — The membrane of gelatinized 
granules has been reported to contain phosphoric acid and has been assumed 
to consist of amylopectin which many investigators identify with the insoluble 
material of the granule. However, some starches consist wholly of (3-amylose 
(cf. 38) v 9 The belief that amylopectin is the insoluble material of starch and 

7 That this is the structure of gelatinized starch is also shown by the fact that the 
consistency of starch paste depends upon the maintenance of this structure (cf. 3, 34). 
Paste loses plasticity if the swollen granules are ruptured. Grinding in a pebble mill, 
for example, converts paste into a more or less viscous liquid, because the sacs collapse, 
thus no longer occupying nearly all the space of the system (7). 

s Analogous observations were recorded by Hess and Babinowitsch (39), who 
examined granules that had first been gelatinized in water and then put into dilute 
alcohol. This may account for some of the minor differences between their observations 
and those of Griffing. 

9 In this connection, it is worthy of note that in the only starch (rice) in which 
the ash of the glutinous and non-glutinous varieties was compared, the non-glutinous 
variety had, on the average, more phosphoric acid and silicate than the glutinous variety. 
But some samples of the latter contained more of both than some samples of the former 
(101). The glutinous variety moreover, had the greater swelling power and yielded the 
more viscous pastes in spite of its generally lesser phosphoric acid content, a fact which 
does not support the view held by Samec and others that viscosity depends principally upon 
the phosphoric acid-containing fraction. 
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that it forms the membrane of gelatinized granules has led many investiga- 
tors 10 to assume that the peripheral zone of ungelatinized granules also con- 
sists principally of a-amylose (amylopectin). A difference in the phosphoric 
acid content of large and small granules of the same species has been 
advanced as evidence for this view. The reasoning is as follows: If 
a-amylose is localized principally at the surface of granules, small granules 
of the same sample should contain a larger percentage of phosphoric 
acid than large ones, assuming the thickness of the membrane to be about 
the same in all granules, because the ratio of surface to mass is greater 
in small than in large granules. Small ones have a larger surface, relatively, 
and therefore a larger percentage of their mass should be in the membrane, 
if this is not thinner than that of large granules. Schoen (86), however, 
would attribute any greater phosphoric acid content of small grains to sorp- 
tion on their greater surface. Hines made an investigation under the writer ’s 
direction upon cassava starch, separated into fractions of different granule 
size by air flotation in an air classifier, and failed to find any correlation be- 
tween granule size and phosphoric acid content (1) . It is therefore clear that 
there are starches for which no conclusion regarding the distribution of 
amylopectin can be drawn from their phosphoric acid content. 

Furthermore, evidence controverting the view that small granules contain 
more phosphorus than large ones is to be found in the behavior of granules 
when boiled in water. If a-amylose (amylopectin) were localized at the 
periphery, one would expect those natural granules to have the thickest and 
strongest membranes that have the greatest phosphoric-acid content. One 
would expect such granules when boiled to hold together better than granules 
with a lesser phosphoric-acid content. As a matter of fact, there is no such 
relationship between phosphoric-acid content and resistance to boiling. 
Potato starch with a fairly high phosphoric-acid content disintegrates rapidly, 
whereas tapioca, also a root starch but wuth a much lesser phosphoric-acid 
content (106), does not (31). 

Moreover, Maquenne and Roux (60), who first estimated the amylopectin 
content of granules, believed that it is intimately mixed with the other con- 
stituents. Schoch (85), in his study of the distribution of phosphoric acid, 
reached the conclusion that phosphoric acid is quite irregularly distributed 
through the natural granule. 

10 For example, (66, p. 216). Ling and Nanji (57), however, hold a different view. 
They suggest iC . . . that ‘amylose’ as it exists in starch granules is present in more 
than one physical state and possibly in different degrees of hydration . . . about 25% 
of the ‘amylose’ exists as a erystalloidal phase in the form of spherites constituting 
a core round the hilum of the granule. This portion is readily extracted by water or by 
dilute alkali. The remainder, which presents a colloidal phase, is dispersed uniformly in 
the amylopectin layers. It appears to exist either as a solid solution or to be so strongly 
adsorbed on the amylopectin as to resist extraction. J ? 
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The membrane an artifact. — In summary, it may be said that there is no 
doubt that gelatinized granules are surrounded by a fairly strong membrane. 
The evidence that in ungelatinized granules amylopectin is concentrated in a 
peripheral membrane is doubtful. This, together with the absence from 
natural granules of a visible membrane of the thickness and toughness of the 
membrane of gelatinized granules, leaves the question of the existence of such 
a membrane open. 

But the facts regarding swelling, shrinking, and staining, above arrayed, 
cannot be reconciled with the assumption that natural granules are sur- 
rounded by a membrane which is impermeable to many dyes, and to the 
starch substance itself. If the resistance of intact granules to staining and 
to more than moderate swelling and their insolubility in cold water were due 
merely to the existence of such a simple membrane, then in an injured 
granule with a locally ruptured membrane staining should be general 
throughout the granule and swelling in cold water should be general also. 
As we have seen, none of these phenomena occur. They are strictly localized 
to the site of the injury. As we shall see later, the birefringence of granules, 
as well as their solubility, is affected in an analogous way. 

It is conceivable that the granule is surrounded by a membrane so rigid 
that it prevents mechanical disorganization except at the site of the injury 
where the membrane is broken. This is, however, improbable, because if 
there were a rigid membrane permeable to water this should either prevent 
shrinking or else one should be able to observe a separation of the shrunken 
granule substance away from the rigid membrane. It is improbable that a 
rigid membrane and the granule substance both shrink to exactly the same 
degree. Certainly in a dried granule no separation between membrane and 
granule substance is to be seen. If there is a limiting membrane which is 
elastic, like the membrane surrounding a gelatinized granule, it could hardly 
account for the strict localization of the swelling to the site of injury. 

Some investigators have assumed the existence of a simple system of 
membranes represented perhaps by the laminae or rings. If there is such 
a system, the laminae are hardly a part of it, for unlaminated starch swells like 
ordinary starch (12). Moreover, a granule broken in two by a fracture 
passing through the hilum has all of its rings opened up. Any simple mem- 
brane system that might be present would be opened up widely so as to per- 
mit extensive, if not complete, swelling and staining. As we have seen, these 
phenomena are strictly limited to the immediate region of the fracture. 
Certainly, a series of concentric membrane rings could not explain the facts. 
Nor could a series of radial membranes. Nothing short of a system consist- 
ing of concentric, hollow spheres, divided by many radially arranged trans- 
verse planes could explain the behavior of fractured granules. 
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Katz and Rientsma (52) have, indeed, suggested this very possibility. 
Katz (46) subsequently elaborated this idea as follows : “ There might be a 
binding substance in a swelling substasce which binds packages of micellae 
together to larger, probably, but still submicroscopical units. In grown 
products, tissues, fibers, starch granules, this binding substance might take 
the form of membranes lying between the micellae or between small bundles 
of micellae. ? ’ 

Subsequently, Hanson and Katz (34) obtained support for this view 
by the examination of Lintner starch, 11 which easily fragments into concentric 
rings composed of separate rectangular blocks regularly arranged radially. 
These blocks they believe to be composed of bundles of parallel crystals, for 
they are normally biref ringent. They believe further that the blocks are held 
together in natural starch by a cementing substance, possibly amylopectin 
(a-amylose) , which is dissolved out by the acid in the process of lintnerization. 
Lintner starch does not swell in cold water, but disperses to a clear solution 
in warm water. It does not form paste because the cementing substance 
which holds the granule together and swells in the process of gelatinization 
has been removed. It is the cementing substance, they suggest, that forms 
the membrane system of the natural granule. 

It is altogether likely that the view that there is intermicellar substance is 
correct, 12 but it may be doubted that it serves as a membrane system, for its 
presence does not seem capable of explaining the swelling of injured natural 
granules. Why should the cement substance sw r ell so little in the cold in an 
intact granule and so greatly in an injured one? Obviously, some additional 
factor is involved. 

On the other hand, if the natural starch granule swells greatly in water 
after it has been broken up by mechanical means, why does it not swell when 
it is broken up into blocks by Lintner 7 s treatment? It must be either that 
the prolonged acid treatment so greatly modifies the granule’s substance 
that its swelling power and solubility are radically altered, or else that, of 
the substances of which the granule is composed, only one, the cementing sub- 
stance, swells and disperses cold. The Lintner process may remove this 
cementing substance. 33 In that event, the other material, composing the 
blocks of Lintner starch, neither swells nor disperses in water, except when 
warmed. Thus we might explain the properties of Lintner starch; but we 
would not explain why natural intact granules which contain the swelling 
substance do not swell greatly unless warmed, whereas the same granules, 
still containing the swelling substance, swell greatly at once when injured. 

u Starch subjected for a long time to 7.5 per cent, hydrochloric acid. 

12 Loskit (58, p. 154) concluded from the optical properties of starch that it must be 
a mixture of colloidal and crystalline particles. 

13 Commercial soluble starch and the artificial starch granules of Maquenne and 
Roux do not yield amylopectin (33), 
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We are thus forced to the conclusion that such membrane as natural 
granules may possess is not identical with the limiting membrane of heat- 
gelatinized granules. How is this to be explained! Obviously, by the 
assumption that the membrane surrounding heat-gelatinized granules is an 
artifact. Zwikker (112) has demonstrated that this is true. He has cor- 
rectly described the origin of the membrane during gelatinization thus: 
“The outer parts of the grain become distended; they detach themselves at 
the same time from the central mass or remain adherent to it. In one case as 
in the other, a cavity is formed in the interior of the grain. The warm water 
or any other liquid that may have been used to make the starch swell is thus 
aspirated so to say into the interior. In passing through this wall it [the 
liquid] removes from it [the wall] and carries along with it [the liquid] the 
dispersible substances ; in consequence, when the gelatinization has become 
complete, the membrane is only composed of the elements that are soluble 
with difficulty derived from the different parts of the grain and especially 
from the most resistant layers; all these elements are found agglutinated 
into a homogeneous mass.” 14 

That granules in process of being gelatinized by heat do show a central 
cavity which gradually enlarges, has also been observed by the writer and by 
many others (64) , 15 Very commonly, this cavity is at first stellate, due to 
the radial structure of the granule. The observations of Bakhuyzen (12) 
upon wheat starch devoid of laminae support the view of Zwikker. There is, 
therefore, no necessity to assume the pre-existence in natural starch of a rigid, 
limiting, outer membrane. The gelatinized granule’s membrane is clearly an 
artifact. 

On the assumption that natural granules possess no limiting membrane, 
the behavior of compound granules, when gelatinized, becomes understand- 
able. After they have fallen apart into their component granules each of 
the latter forms its own limiting membrane when gelatinized, exactly like a 
simple granule. And this occurs even when no membrane separating the 
component granules is visible in the original unbroken compound granule. 

Furthermore, occasionally two granules that lie close to one another in 
the same protoplast become enveloped by a capsule of starch substance which 
shuts them off completely from their surroundings. Meyer terms them com- 
plex granules. When they are gelatinized by heating in water the whole 
complex is connected into a sphere with only one outer limiting membrane 
(70, pp. 210, 224) . If the two granules had each its own outer membrane, 
one would expect the complex granule to be changed into a large sac sur- 
rounding two smaller sacs — one for each of the component granules. Their 

The writer ’s translation from the French original. 

is A drawing of a granule in this state is given by Hanson and Katz (34) . 
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behavior when gelatinized is easy to explain on Z winner's hypothesis but 
difficult on any other. 

Unlaminated starch 

The facts presented seem to warrant the conclusion that it is not a mem- 
brane system that keeps the natural granule from swelling beyond definite 
limits. If this is so, what is the mechanism that is responsible for this 
phenomenon? The hypothesis advanced in this paper presents such a 
mechanism : it is the radial arrangement of the crystallites and starch chains. 
To make clear how this simple physical arrangement explains the facts, it is 
best first to consider granules without laminations or rings. This is justi- 
fiable because the occurrence of laminations is accidental, rather than essen- 
tial, otherwise they would never be lacking in any sort of starch. But they 
are occasionally missing from many sorts of starch and their absence is the 
rule in the root starch of Zingiber officinale (70, p. 17), in the starch of the 
yellow turnip, and the seed of Buellia pavale (109). Meyer (64) attributed 
their formation to the alternation of day and night; moreover, Bakhuyzen 
(12) failed to find them in seed starch from wheat grown in an environment 
from which this sort of periodicity had been eliminated — that is, an environ- 
ment nearly constant with respect to illumination, temperature, and 
humidity. 

Bakhuyzen 's unlaminated wheat starch has very definite radial struc- 
ture. In it, the crystallites may be seen to reach from the periphery to the 
hilum. When these granules were carefully heated in water so that they 
swelled slowly, he found that they could be seen to be composed of very 
refractive radial needles attached to the refractive border of the granule. 
These needles are tapered toward the center, resembling pyramids with a 
base 2 to 3 microns in diameter and a length of 17 to 20 microns, which is 
about 45 per cent, of the total diameter of the granule. In such unheated, 
unlaminated starch, probably all of the needles (crystallites) stretch from 
the border to the hilum. 

The starch elements 

X-ray analysis has definitely established that the starch granule has crys- 
talline structure. Most probably the ultimate starch elements are long units 
(45, 98, p. 75). 16 It is not yet possible to say just what is their form, but it 
is probably not a straight chain, for since the elements of the chain are ap- 
parently held together by a-glucosidic linkages, a straight-chain structure is 
not possible (37). Perhaps starch chains are spirally wound (65), 17 like the 
thread on the end of a bolt that receives the nut, or have a zigzag (65) shape 

16 See, however, (19). 

17 It is interesting to note that spiraUy twisted granules have been reported by 
Nageli (70, p. 31). 
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like the bellows of an accordion, or a meander (99) form, being fluted more 
or less like a sheet of corrugated roofing iron. In any event, the long chains 
seem to be folded or crumpled in some manner as yet unknown, whereby the 
molecule is shortened — compressed as it were — in the direction of its long 
axis, for a starch molecule consists of 8 to 10 times as many glucose residues as 
a cellulose molecule of the same length (99, p. 828). Perhaps the chains are 
crumpled and the long axis of the molecule shortened because certain of the 
side groups of the macromolecule attract each other strongly. This would 
tend to bend the long axis and shorten the molecule. It is possible the chain 
is also forked or branched (66, 99). Units of this type would not pack as 
closely as straighter chains, for example, those of cellulose. This may be 
one of the reasons why starch has a looser structure than cellulose, is more 
easily penetrated by solvents (99), and is more readily subject to mechanical 
influences (45, 95). 

In these long units, the atoms are linked together by primary valences. 
It is probable that van-der-Waal or cohesive forces hold these macromolecules 
together in more or less parallel arrangement. Whether in this way the 
macromolecules are held together in separate and discrete bundles to form 
micelles is not clear. At present, the view seems to be gaining ground that 
the micelle, in general, is not always and necessarily a separate and discrete 
unit and that fibrous structures like cellulose need not have a completely dis- 
continuous framework. Neale (72, 89) has suggested that in certain cases, 
at least, the structure is not “micellar” or discontinuous, but that, though 
imperfectly crystalline, it is continuous except for random breaks in the 
primary valence chains and that though continuous it is slightly imperfect. 
Taylor and Schoch (105) have suggested the presence in starch “of more 
or less completely esterified tri-basic phosphoric acid, either with hydroxyl 
groups on one chain or bridging between two chains of glucose anhydrides.” 

Granule structure 

Everything indicates that the chains, or the bundles (micelles) into which 
the chains are perhaps grouped, are arranged radially. ls Of course, the 
radial granule structure visible with the microscope is a coarser one than that 
of the macromolecules or even the micelles. Each of the visible radial needles 
must be regarded as a crystallite composed of many chain molecules or of 
many micelles of such molecules. 19 

A granule thus constructed would be strongest in a radial direction. The 
primary valence bonds which hold the glucose residues into a chain would 

18 This is similar to the anatomical structure proposed by Meyer (64). The bundles 
would correspond to his trichites, but he assumed the trichites to be forked. 

19 Whether the macromolecules are arranged parallel in the crystals has not yet been 
proved by x-ray analysis, but is probable ‘according to Meyer, Hopfp, and Mark (65). 
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make for greater strength lengthwise of the chain than would the secondary 
valences which hold the chains to one another laterally (94). In conse- 
quence, there is a tendency for granules to rift radially when subjected to 
mechanical strain. The force required need not be very great ; as we have 
seen, mere thorough drying may cause radial cracks to appear. This fragil- 
ity need not be taken to mean that the structure of the granule is everywhere 
discontinuous from micelle to micelle or that chemical cross linkages between 
chains are necessarily absent. 

Does this suggested structure explain the shrinking and limited swelling 
of natural granules? 

Let us first consider the shrinking of granules when dried. If the starch 
units are long chains, then when they swell they must increase in diameter 
much more crosswise than lengthwise, if indeed they lengthen longitudinally 
at all (96). 

And conversely, they must diminish more in their transverse diameter 
than longitudinally when they shrink. This seems to be the usual behavior 
of fibers. The diameter of the wool fiber becomes about 18 per cent, greater 
when it is wetted, but only 1 per cent, longer (8). Therefore, it is difficult 
to explain the very considerable shrinkage of starch granules when they are 
dried (78), for the radial arrangement and the swelling and shrinking of 
long chains in their shorter diameter should result in swelling or shrinking 
in a tangential direction. As a consequence, the shrinking granule should 
break up into wedge-shaped pieces. This is actually the behavior of inulin 
spheroliths (27) and of the crystalline disks of amylodextrin (69). It is 
probably also a factor in the radial rifting of dried starch already noted. 
Since, however, the starch granule swells and shrinks in a radial as well as a 
tangential direction and increases or decreases its diameter, we must assume 
either that the starch chains do not behave like wool fibers or else that for 
some reason they are prevented from so behaving. 

This difficulty disappears if we assume the starch chains in the natural 
moist granule to be already stretched mechanically by their own swelling 
pressure. As we have seen, according to Staudinger and Eilers (99) , the 
starch chain is shortened in some way, as compared with cellulose, a conclu- 
sion based in large part upon viscosity determinations of starch solutions. 20 
In solution, the macromolecule is under little or no mechanical strain. It is, 
therefore, presumably much crumpled so that its long axis is much shortened. 
It may, however, not be maximally contracted. There is no basis for know- 
ing whether starch macromolecules have the same length in solution as in 
the natural starch granule. 

2 o This interpretation of the significance of viscosity measurements has, however, been 
questioned (18, 62). 
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It is obvious that at maximum contraction the region over which water 
or other solvent might associate itself with the macromolecule is shorter than 
when the macromolecule is more or less extended. In the contracted state, 
secondary valences are in part neutralized by the very intramolecular attrac- 
tion that shortens the chain. Moisture sorbed on natural starch granules is 
under quite enormous pressure (77) and we are, therefore, justified in assum- 
ing that water exerts very great force in attempting to associate itself with 
starch. In doing so, water would endeavor to make as much room for itself 
along the length of the chain as possible. To this extent, the forces crump- 
ling the chain, such, perhaps, as the intramolecular attraction of side chains 
for one another, would be counteracted and weakened. The chain would 
tend to straighten. It is, therefore, probable that starch molecules, while 
shorter than cellulose molecules though with the same number of glucose 
residues, are still, as Staudinger and Eilers believe, quite long chains when 
in solution. In this condition, they are neither fully contracted nor fully 
extended. When a starch solution is dried to a film, there may well be further 
contraction of the macromoleeules. 

If these conceptions correspond to realities, it follows that, in natural 
moisture-containing starch granules, the chains are extended to the degree 
that associated water has stretched them. But their state of extension is prob- 
ably not the same as in a starch solution. Presumably, as in the case of 
wool, the association of water tends to thicken the diameter of the chain. 
We would, then, have two factors at work in opposite directions : lengthening 
of the chain which would tend to make it thinner, and the pressure of associ- 
ated water which would tend to make it thicker. 

When a cellulose or a wool fibril sorbs water, it increases greatly in its 
transverse axis and but slightly along its longitudinal axis. Such a 
fibril is free to expand in all directions except inward where it is hindered 
by other fibers also swelling similarly, and, therefore, increases greatly in 
diameter. A starch fibril is in a quite different position. Because of the 
radial arrangement of the granule, it is surrounded on all sides of its long 
axis by other fibrils also endeavoring to swell in a direction transverse to 
their long axes. Every macromolecule is prevented from associating itself 
with water to its maximum capacity because it is hampered mechanically by 
its position with reference to its neighboring macromolecules. That is why 
the intact starch granule is strictly limited in its capacity to swell despite 
the fact that its substance has unlimited capacity to swell and disperse. No 
limiting membrane is necessary to account for the phenomenon. 

According to our hypothesis, the macromolecules in moist natural starch 
are perhaps unable to associate themselves with as much water as is possible 
when they are free in solution. Nevertheless they may be more extended along 
their long axis when in situ in the moist granule than when free in solution. 
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for in the granule the macromolecules squeeze one another laterally; they 
subject one another to strain. In consequence, they tend to push one another 
apart and, since this is possible only to a slight degree, they flatten and 
lengthen one another. 

The possibilities for such lengthening are appreciable, since the chains 
tend, if not subjected to strain, to assume a very crumpled form. The dry 
granule, when moistened, tends to swell and its thickness is a function of the 
moisture content. Any condition such as heating that changes the moisture 
content, i.e., the association or sorption of water, changes the size of the 
granule; it shrinks or swells. In the natural moisture-containing granule, 
the chains are already stretched to some degree due to their own swelling 
pressure. That is why the granule shrinks when dried and swells again 
when moistened. 

It is also the reason why the moist granule does not swell beyond a cer- 
tain size. It could do so only if there were room for the macromolecules 
(or micelles) to thicken more; but there is no room because they are sur- 
rounded on all sides, except at the peripheral end, by other macromolecules 
or micelles which are also trying to thicken. Swelling, therefore, stops when 
equilibrium is reached between the force making for thickening and the 
resistance to thickening. 

This equilibrium may be disturbed by increasing the kinetic energy of 
water as by heat. Molecular agitation which is associated directly with the 
coefficient of thermal expansion would be less lengthwise than crosswise of 
the starch chains (e/. 97) and therefore granules tend to swell more in warm 
than in cold water. Greater swelling in warm water can take place only if 
the diameter of the granule enlarges. Since the macromolecules (or mi- 
celles) swell mostly laterally, this can take place only in the following ways : 
(1) The macromolecules straighten their long axes by water sorption and 
pressure against one another. (2) The macromolecules push one another 
apart, though still cohering. In consequence, the diameter of the granule 
increases greatly so that spherical granules are converted from solid spheres 
into hollow globes. (3) The granule is disorganized and more or less dis- 
persed. (4) Or, there is a combination of these phenomena. 

The first phenomenon, the straightening of the macromolecules accom- 
panied by water sorption, probably occurs in the early stages of gelatiniza- 
tion and may perhaps account for changes in the x-ray diagram. 

The second phenomenon, the conversion of a solid spherical granule into 
a hollow sphere, may actually be observed when the granule is slowly heated 
in water. It swells and, as we have seen, a cavity develops at the hilum, 
because the degree to which the chains may lengthen must be strictly limited. 
The granule cannot swell greatly and still retain its solid form. Spherical 
granules become hollow spheres. Other granules swell in a way determined 
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by their form and the fact that swelling develops pressure tangentially. 
Thus, it is well known that eccentric granules ( Solanum , Phajus, cassava, 
et al.) swell relatively more in breadth than in length. 

Katz and Hanson (50) have assumed that the swelling of solid granules 
to hollow spheres is a unique phenomenon, and that the only possible way to 
explain it is to assume some sort of growth structure in the native granule. 
They have not themselves determined the nature of this structure resulting 
from growth. Protein crystals, however, also swell with the formation of a 
vacuole in the interior, and may be made artificially. Schimper (83) at- 
tributed the phenomenon to the greater solubility of the material in the 
interior of the crystal, and this is the explanation Nageli had offered earlier 
for the analogous phenomenon in starch. However, the explanation offered 
by Zwikker and by Bakhuyzen for starch seems equally applicable to pro- 
tein crystals, if one assumes that the outer layers swell soonest and tend to 
draw away from the center, thus creating a vacuole. It is then unnecessary 
to assume, as did Schimper, that these crystals consist of more than one pro- 
tein, which would not be in accord with present-day knowledge. Nor is it 
in accord with the fact that Wyckoff and co-workersi have obtained x-ray 
diagrams from protein crystals. Some protein crystals behave so much like 
starch with respect to swelling and solubility that if one has a “ growth 
structure” then they both have. This “growth structure” is the arrange- 
ment of their molecules in the crystal. The hypothesis here presented, 
should it be supported by further experimental evidence, offers a simple and 
reasonable explanation of the phenomena. 

With heating, the granule swells greatly. The second phenomenon, dis- 
integration, has then occurred; the granule has been converted into a sac 
filled with dispersed starch substance ; and we have the third phenomenon. 
The degree to which disorganization occurs is a function of the amount of 
water available, as has been shown by Meyer (63). 

If this hypothesis should ultimately prove to be well founded, then analo- 
gies with rubber at once come to mind. The moist starch granule is elastic; 
it changes its shape under pressure and returns to its original form without 
the slightest change in its microscopic structure. Dry granules, on the con- 
trary, are inelastic and brittle. Rubber, too, under certain conditions, loses 
its elasticity. Moreover, it is well know r n that rubber exhibits the x-ray 
diagram of amorphous substances unless it be stretched, in which case it 
exhibits a fiber x-ray diagram. When it is quite anhydrous, starch, like 
unstretched rubber, exhibits no x-ray diagram, or rather it exhibits the dia- 
gram of an amorphous substance (45). It acquires an x-ray diagram only 
if it is permitted to sorb moisture, but the diagram is not that of a fiber. 
It is more like that of a crystalline powder. According to our hypothesis, 
we may consider the macromolecule of a natural undried granule as already 
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partially stretched by associated water, very small quantities of which are 
capable of stretching the chains to give them an orderly arrangement suffi- 
cient for an x-ray diagram. 

Hitherto it has not been possible to obtain a fiber x-ray diagram from 
starch. Neither spinning threads from starch solutions nor pressing prepa- 
rations was effective (65). For natural starch granules, a fiber x-ray dia- 
gram is not to be expected. For a fiber diagram, it is necessary that the 
chain molecules of the material be oriented so that their long axes for the 
most part are parallel. In a powder consisting of starch granules, this is 
not the case. Nor would a single starch granule yield a fiber diagram, if it 
were possible to obtain an x-ray diagram with it. Although the macromole- 
cules are probably parallel in the individual crystallites, the crystallites 
themselves are not parallel to one another. Their arrangement is radial. 
Therefore, although in the moist granule the macromolecules may be re- 
garded as more or less stretched by their own swelling pressure, they cannot 
yield a fiber diagram. 

Naray-Szab6 (71, p. 299) and Katz and Derksen (48) have studied the 
loss of the x-ray diagram in quite anhydrous starch. Katz (45, pp. 3633- 
3635) has also described a similar behavior for gelatin and agar, and has 
offered the following alternative explanations : One of them is that the sub- 
stance when dried changes into another modification, another phase within 
the meaning of the phase rule. This means that the material, e.g agar gel, 
is built up of crystallites which contain water of constitution. The other 
alternative is that in drying no change of phase occurs (within the meaning 
of the phase rule) involving a discontinuous modification of individual 
units, but rather there is a continuous change involving a gradual loss of 
regularity in the lattice. Katz makes no choice between these alternatives 
in the case of gelatin and of agar, but in the case of starch he is inclined to 
believe that there may be something like true water of crystallization. Per- 
haps he favors this view because all starch preparations (soluble starch, 
amylodextrin, etc.) exhibit the same phenomenon (45). What is meant by 
“ water of crystallization” is, of course, a matter of definition. In the case 
of starch, the phenomenon is probably not exactly the same as in the case 
of the efflorescence of an inorganic salt in which the water is held in stoichio- 
metric proportions. Nor does the phenomenon seem to be exactly the same 
as that which occurs in the case of certain protein, crystals which show no 
x-ray diagram unless great care is taken to prevent efflorescence (111). In 
many soluble proteins, this process does not seem to be reversible except 
through recrystallization ; in starch it is. One thing seems certain: water 
is held in starch very firmly. Fischer (27) found that starch granules 
treated with a dilute solution of cobaltous chloride ceased to be colored rose 
red long before they became anhydrous. On the contrary, they turned in- 
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tense blue, showing that the water of partially dried starch is held so firmly 
it is not available to the cobaltous chloride. 

It is also difficult to understand why the birefringence of the starch 
granules, as made manifest by the black cross, should persist in anhydrous 
starch, as we shall see it does, if the crystals weather. The black cross ap- 
pears because the crystallites are approximately parallel, an arrangement 
one would hardly expect to persist after weathering. It is therefore doubtful 
that the behavior of starch when sharply dried is due to exactly the same 
phenomenon as the weathering of a crystal losing water of crystallization. 

Furthermore, it is difficult to explain as a case of efflorescence (95) the 
loss of the x-ray diagram when natural starch is thoroughly dry-ground in a 
pebble mill. Our hypothesis, however, offers a basis for a common explana- 
tion for both phenomena. This hypothesis assumes that, if there are no 
effective contravailing forces, starch molecules tend to contract along their 
long axes, to crumple up. The evidence at hand and already presented does 
not prove this innate tendency, but it does make our assumption at least 
reasonable. In the natural moisture-containing granule, the macromolecules 
are not fully crumpled, because with the adsorbed moisture they occupy too 
much space for them to contract fully. They are more or less stretched. As 
the granule is dried, the chains become thinner, occupy less space and in 
consequence are able to contract further. In the process, they lose their 
orderly arrangement sufficiently to sacrifice their x-ray diagram. Perhaps 
the disorderly arrangement arises because contraction is not uniform from 
macromolecule to macromolecule, and therefore the diffracting groups of 
individual molecules change their positions with reference to one another 
from macromolecule to macromolecule. One need not imagine a more ex- 
tensive disorganization. This idea comes to pretty much the same thing as 
the second of Katz's alternatives. In the moist natural granule, the macro- 
molecules are prevented from crumpling because they can shorten only by 
thickening, and being associated with water, there is no space for them to 
shorten. If, however, the radial, parallel structure is sufficiently broken up 
by mechanical disintegration of the granule, there is no longer the impedi- 
ment to contraction that exists in the intact granule, even in the presence of 
some moisture. A large number of the macromolecules are then free and the 
x-ray diagram is more or less lost. 21 

Our hypothesis is also consistent with the changes in x-ray diagram that 
occur in starch when it is made to swell. It is well known that stretching 
such fibers as wool or hair changes their x-ray pattern — presumably because 

21 It would be interesting to determine whether dry grinding has an analogous effect 
upon the x-ray diagram of gelatin. It is possible, for Alsberg and Griffing (5) found 
it to have a marked effect upon solubility and gel formation. It would also be inter- 
esting to examine gelatin films made by drying sols and gels. Field (25) has shown 
that the former are not birefringent as are the latter. 
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tlie chain molecules of which they are composed are straightened and length- 
ened (9). 22 Katz and co-workers (34, 45-53) have found that starch, when 
made to swell in water by heating, may undergo alteration of its x-ray dia- 
gram, and that in certain cases this alteration is reversible. They suggest 
that the change is due to the formation of different modifications of starch. 
The phenomenon might, however, be explained according to our hypothesis 
as the consequence of lengthening or shortening of the chains. 

The hypothesis suggested would also explain the hysteresis which, as we 
have seen, hinders dried granules from returning to their original size when 
moistened. According to this hypothesis, the chain macromolecules shorten 
or crumple as the granule loses water, else the granule would not shrink. 
With the removal of water, the macromolecules are brought closer together 
than they have ever been, for it must be remembered that starch is formed 
in a milieu, the cytoplasm, which has a high water content. Unless starch is 
artificially dried, it always contains a fair amount of moisture. With the 
removal of moisture and the moving closer together of the contracted but 
thickening chain molecules, linkages through secondary valence are perhaps 
formed between side groups that have never before been united. As already 
indicated, this might also lead to distortion of the lattice and loss of the x-ray 
diagram. Speakman (90, 91) has assumed something of the same sort to 
occur in wool, heated to higher than ordinary temperature, a treatment 
which reduces the capacity of the fiber to sorb water hygroscopieally. The 
black cross still remains in the anhydrous granule, for probably the contrac- 
tion of the long axis of macromolecules, even though it distorts the lattice, 
does not greatly disarrange the parallel arrangement of the macromolecules 
or distort the crystallites upon which the birefringence depends. 

When a granule in this state is moistened, it is necessary that these newly 
established linkages be broken up, if it is again to swell to its former state. 
Obviously, this would take time, and would occur imperfectly. Conse- 
quently, the granule would swell slowly and not fully to its original size. 

We now see why injury to the granule enables it to swell at the site of 
the injury. The injury separates some of the macromolecules or micelles so 
that they are no longer surrounded on all sides by other macromolecules or 
micelles. They associate themselves to their maximum capacity with water. 
Again no limiting membrane is necessary to account for the phenomena, 
which are due merely to the fact that through the site of the injury the 
orderly packing of the chains has been disarranged. Itallie (42) has made 
an analogous suggestion but he also assumes the existence of a limiting mem- 
brane. It is plain why the degree of swelling in cold water depends upon 
the completeness of the disruption of the granules. Our hypothesis also 

22 This view was criticized by Katz (9, pp. 207-209), to whom Astbury (9, pp. 210- 
211) replied. 
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explains the observation of Katz and Hanson (50) that injured grannies 
change the character of their x-ray diagram at a temperature 10° to 20° C. 
lower than that at which uninjured granules undergo this change, and also 
why injury wipes out to a large extent differences in this temperature which 
are shown by different species of starch in the uninjured state. 

Growth 

Structure of the type here suggested is consistent with what is known of 
the manner of growth of starch grains. If starch grains possessed an outer 
limiting membrane permeable only to substances of comparatively low molec- 
ular weight, it would be difficult to understand how small granules grow into 
large ones. There is firstly the difficulty of imagining how a limiting mem- 
brane of the type demanded by the properties of the natural granule stretches 
and enlarges simultaneously with the growth of the granule. Certainly, the 
long molecules of starch, if formed in the protoplasm outside, would find it 
difficult to pass through such a membrane. It would, therefore, be necessary 
to assume that mono- or disaccharide passes from the protoplasm across the 
membrane into the granule there to be united into long chains and oriented 
radially. This would demand that the directive forces residing in the cyto- 
plasm act across the membrane, or else that cytoplasm itself extends through 
the membrane into the granule. For such assumptions, there does not as yet 
seem to be evidence. If, however, there is no limiting membrane of the sort 
under discussion, but the cytoplasm — perhaps in a condensed form — lies in 
contact with the growing granule, then it is simpler to picture the growth of 
a granule much as Sponsler (92, 93, 94) explains the formation of a cellu- 
lose fiber in the cell wall or Farr and Eckerson (22) explain the formation 
of the cotton fiber. 

A granule might grow through lengthening of the starch chains by the 
condensation of a glucose or maltose residue at the peripheral end of the 
chain, so that the chains grow longer. Or perhaps the method of growth is 
more like that described for cotton fibrils by Farr and Eckerson. In that 
event, small starch crystallites are formed in the cytoplasm surrounding the 
small granule. These then arrange themselves radially around the granule 
and become attached to or inserted between the chains of particles already 
arranged radially in the growing granule. 

As the granule grows, the chains must lie less closely packed at their 
peripheral ends. This leaves room between them for the formation of new 
chains by the same process by which the original chains were formed; and 
these new chains are also radially oriented between the outer ends of the older 
chains. Thus, crystallites are built up which are irregularly conical with their 
bases lying at the periphery of the granule. Such a form is clearly to be seen 
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in unlaminated starch in which the crystallites extend from the periphery to 
the hilum (12), a phenomenon which can be explained only on the assumption 
that new starch substance is added at the base of the needles. 

This picture of the growth of starch granules is not the same as that sug- 
gested by Zwikker (112), but it is not inconsistent with it. Zwikker sug- 
gests that the leucoplast secretes a concentrated colloidal solution of amylose 
and amylopectin. Now starch lowers the surface tension of water, so that 
during an interruption of the activity of the leucoplast there is at first a con- 
centration of the substance with the greatest effect on surface tension (e.g., a 
potassium salt of amylopectin) at the surface accompanied by its separation 
or precipitation. When the leucoplast again becomes active, this layer re- 
mains unaffected and the process is repeated. Zwikker, who wrote in 1921 
when the x-ray analysis of organized structures had not been developed as 
it is today, has nothing to say regarding the formation of colloidal amylose 
or amylopectin. Now that we know something regarding the form of the 
starch unit, we can go a step farther and extend the picture to the manner 
of formation of the chains. It is entirely possible that surface forces play a 
role, as Zwikker suggests, in determining the parallel arrangement of the 
chains in building up particles of the type observed in the case of cellulose 
fibers by Farr and Eckerson. 

If this is in fact the mechanism by which starch granules grow, there is 
no reason to believe that the chains or macromolecules of which the crystal- 
lites are composed are all of the same length. Indeed, the chances are greatly 
against it. It is probable that starch, like many other materials (c/. 98, pp. 
109, 112-113; also 65), is composed of macromolecules of varying length. 
Neale (72) has presented evidence that this is true for the cellulose fiber. 
There is much evidence that this is in fact the case for starch. Thus Fouard 
(29; c/. 79, 81) has reported that solutions of demineralized starch can be 
fractionated by dialysis through collodion membranes of different permeabil- 
ity. The occurrence of chains of different lengths is also consistent with the 
views of Hanson and Katz regarding the structure of the granule. Prob- 
ably the arrangement of the molecules in starch granules resulting from the 
manner of growth above suggested causes imperfect packing and may be a 
factor leading to the loose structure of granules already discussed. 

Whether the elements in the unlaminated starch of Bakhuyzen extend, 
as they appear to do under the microscope, from the hilum to the periphery, 
it is not possible to decide from existing evidence. Some of the starch ele- 
ments may be as long as this and consist of macromolecules which are joined 
together by van-der-Waal forces to form quite long fibers. This is well 
known to occur in the case of soaps, and has been suggested for starch (10) . 
Moreover, it should be noted that Sponsler believes that the diffraction data 
obtained from x-ray analysis of cellulose may be accounted for upon the basis 
of chains of cellulose-unit cells of indefinite length. 
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The laminated starch granule 

Bakhuyzen correlates the occurrence of the large needles in starch from 
wheat plants grown under constant conditions with the absence of lamination 
or rings. In field-grown wheat seed he finds the needles or trichites no larger 
than 5 microns, or about 10 per cent, of the diameter of the wheat-starch 
grain. Ten to 20 or more rings can be counted. Larger needles may also be 
observed. If such starch is carefully warmed to swelling temperature, the 
laminae may be observed to consist of small particles. Particles in successive 
rings may often be seen to be oriented along a straight radial axis, suggesting 
that such a string of particles was formed from a single needle which had 
been fragmented by heating. The parts of the needles which correspond to 
the non-refractive rings or laminae, however, remain. 

Much evidence indicates that laminated starch is built up of bundles of 
parallel chains combined to form crystallites of a length about equal to the 
width of the laminae. If starch granules develop in the manner described 
for cellulose fibers by Farr and Eckerson (22), as we have suggested, then 
it is quite probable that in some starches the thickness of laminae is deter- 
mined by the length of the starch crystallite formed in the cytoplasm. Cer- 
tainly in some, the breadth of the laminae is of the same order of magnitude 
(1 to 2 microns) as the longest diameter of the cellulose particle of Farr and 
Eckerson (c/. also 23). In eccentric starches, the laminae at the pole nearer 
the hilum may be very narrow, indeed. If the growth of the starch granule 
takes the course suggested by Farr and Eckerson for cellulose, then any 
periodicity which interrupted the process must of necessity lead to the depo- 
sition of starch substance in layers or laminae. 

This view, based on the observations of Bakhuyzen and others, is in har- 
mony with the observations of Hanson and Katz (34) who, as we have seen, 
describe the granule as consisting of short elements radially arranged and 
embedded in an amorphous matrix. 

Solubility 

It has been known since the first part of the nineteenth century that, 
while starch granules do not dissolve in cold water, a starch granule which 
has been injured by cracking, chipping, or grinding disperses more or less 23 
in water without warming. It has furthermore been shown that the degree 
to which the granule disperses depends upon the extent to which it has been 
disintegrated mechanically, for with very thorough grinding all the $-amy- 
lose can be dispersed and extracted from corn starch by cold water (85, 
102). Those who, like Matthews and Lot (61), believe that only a minor 
part of the substance of injured granules is soluble in cold water are cer- 

2.3 Literature to 1895 in Meyer (64, p. 18) ; to 1910 in Reichert (76). Literature 
not cited in the above volumes (3, 5, 16, 21, 28, 35, 36, 41, 54, 95, 102, 108, 112). 
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tainly mistaken. This solubility in cold water which results from injury to 
the granule is not due to alteration of the starch substance by frictional heat 
engendered in disrupting the granule (41, 43). Nor is it at all likely, as 
Samec (80) states, that grinding as such breaks up the starch complex into 
smaller aggregates, which disperse readily; the manipulation necessary to 
injure a granule so that some of its substance disperses is far too slight. All 
that is necessary is to put a little dry starch on a microscope slide, cover it 
with a glass cover slip, and press gently upon it for a moment, at the same 
time moving the cover slip a trifle sideways. 24 Moreover, as we have seen 
(p. 309), merely drying sharply causes radial rifts which render some of the 
granule soluble. 

Furthermore the colloidal solutions obtained from potato starch ground 
in a pebble mill do not behave as though the starch had been broken up into 
smaller complexes. The solutions are strongly opalescent and change rapidly. 
The concentrated solutions first obtained separate a solid phase until an 
equilibrium is apparently established such that less than 1 per cent, of starch 
remains in a non-opalescent or but slightly opalescent solution (24, 25). 
The phenomenon bears a close resemblance to that exhibited by gelatin and 
studied by Straup (100). For different starches, the equilibrium seems to 
be a little different with respect to the concentration of dissolved starch at 
the final equilibrium and to depend to some extent upon the total mass of 
starch in the system. Some starches require a longer time to reach equilib- 
rium than others, and the longer the time the more difficult it is to obtain 
non-opalescent solutions. These, for example, are more easily obtained from 
maize and wheat starches than from potato starch (4, 6, 26). 

Examination with the microscope shows that the dispersal of starch from 
an injured granule is preceded by localized swelling at the site of the injury ; 
it does not occur anywhere else. The dispersing starch does not stream out 
24 On the other hand, it must be admitted that severe dry grinding affects the prop- 
erties of gels. Gelatin is but slightly soluble in cold water. If some gelatin such as is 
used by bacteriologists be ground dry for a long time (50 hours) in a porcelain pebble 
mill, it yields an opalescent solution when suspended in cold water. This solution filters 
with difficulty but the small quantity of filtrate is perfectly clear and not very viscous. 
On standing overnight, it sets to a clear gel (of. 5). It may perhaps also prove signifi- 
cant that Schoch (85) prepared dispersions from potato starch ground for 500 hours, 
which did not readily retrograde, and found that 900 hours of grinding produced a certain 
amount of dextrinization, as evidenced by reddish iodine coloration. Moreover, Taylor 
and Salzmann (104) found that long grinding in the presence of moisture affected and 
modified the stability of starch or amylose toward alkali. Possibly such severe treat- 
ment is accompanied by a change of some of the starch from the crystalline to the 
vitreous state as these states are defined by Beilby (15). This change is sometimes 
accompanied by changes in solubility and in heat of solution. Grinding a crystal or ham- 
mering a metal tends to cause some parts of it to flow. If a substance cannot flow by 
local melting, perhaps it undergoes some localized form of decomposition. Starch does 
not melt. 



320 


PLANT PHYSIOLOGY 


into the surrrounding water as though out of a hole in a hag. Bather it 
behaves as though at the points of injury it were swelling by imbibition. 
When the imbibition has reached a certain stage, dispersion gradually occurs. 
The swollen portion never wholly disperses, even after days; nor does the 
swelling extend into the interior of the granule. The reason why cold-water 
solubility is related to the degree of disruption of the granules is now clear. 
Unless the granule has been very completely disrupted, only those portions 
swell that have been disintegrated ; and swelling seems to be a necessary step 
antecedent to dispersion. It is obvious that the localized dispersion of in- 
jured granules is as difficult to explain by the assumption of a membrane or 
related restraining mechanism as localized swelling — and for the same rea- 
sons. It would seem that our hypothesis regarding the structure of granules, 
if it is satisfactory to explain the swelling phenomena, is equally satisfactory 
to explain why an intact granule does not disperse, but disperses at once at 
the site of injury when it is mechanically damaged. Injury having more 
or less disarranged the close-packed radial parallel chains, some of these are 
free to associate themselves with water along their long axes and ultimately 
to disperse. In this connection it may be noted that Nageli (70, pp. 111- 
112) reported that saliva attacks granules tangentially, i.e., transversely to 
the radius of the granule, more readily than in the direction of the radius. 
This is what one would expect if in fact the starch chains lie radially. 

Optical properties 

Some investigators have assumed that the material in a moist natural 
granule, being swollen, is under a strain. To this strain, they attribute the 
appearance of the black cross which is so characteristic when a starch granule 
is viewed through the polarizing microscope with nicols crossed (20). The 
alleged disappearance of this cross when the granule is dried has been re- 
garded as proof of this view. As Harrison (36) puts it: “ Since the gran- 
ules have a resistant outer coating, any swelling of the interior portions will 
produce an increase in the internal pressure. When the outer coating is 
broken, and this occurs when the granules are ground in a mortar, no pressure 
will be produced by the swelling of the interior portions, but under these con- 
ditions no cross is shown by the granules. " 

Harrison's observation that dry starch granules swell when moistened is 
undoubtedly correct, as we have seen, and so is his observation that disrupted 
granules may not show the black cross in polarized light. But the assump- 
tion which he and many others make that “the granules have a resistant 
outer coating" has been shown above to be unwarranted. His statement that 
the black cross becomes indistinct, if the granules are dried, is also unwar- 
ranted. Puriewitsch (74) has reported that arrowroot starch dried for 76 
hours at 105° C. has exactly the same appearance in polarized light as wet 
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starch immersed in water for 2 days. Katz and Derksen (48, p. 109) made 
a similar observation. 

It is probable that Harrison was deceived,, because it is difficult to get a 
clear picture under the polarizing microscope of starch examined in air. 
Therefore, Griffing (31), at the writer’s suggestion, heated potato starch 
for several days to a little over 110° C. It was then transferred as rapidly 
as possible, and still hot, to anhydrous glycerol or to cedar oil and examined 
immediately in these media; it exhibited perfectly normal birefringence. 25 

It has long been known that when starch is gelatinized by heating in 
water its birefringence is lost and the black cross disappears. Indeed, the 
loss of birefringence has been proposed as a criterion for fixing the gelatine 
zation temperature (76, p. 298) ; but Woodruff and Webber (110) found 
that the temperature at which birefringence disappears varies with the 
amount of water available for swelling. 

As already pointed out, Harrison (36) has shown that the black cross 
disappears when starch granules swell in the cold as the result of injury. 
Huss (41) made similar observations and showed that the black cross van- 
ishes whenever the starch granule is made to swell beyond its normal size, 
whatever the cause. He pointed out that the disappearance of the black 
cross and the taking up of dyes are parallel phenomena. 

Indeed, mechanical disruption greatly modifies the optical properties of 
granules. Harrison's observation that grinding starch in a mortar causes 
the black cross to disappear has already been mentioned, but the observation 
is much older (67). Indeed, Scheffer (82) has proposed examination in 
polarized light as a method of detecting injury to starch granules because 
such injury is difficult to recognize in ordinary light. In polarized light, in- 
jured granules appear either with but slight birefringence or else with only 
a part of the granule birefringent. The fact that birefringence may be lost 
only in part of the granule and the black cross remain in part is probably 
the reason why a few investigators 26 have reported that injury does not 
obliterate the black cross. The truth seems to be that just as the degree to 
which a granule is soluble in cold water and swells in it depends upon the 
completeness of the disruption of the granule, so also does the loss of bire- 
fringence. Badly shattered granules lose their black cross and most of their 
birefringence, but examined with a selenite plate some birefringence may 
still be detected (31), and starch that has been severely ground loses its x-ray 
diagram (66, 95). 

The localized loss of birefringence in injured granules may be demon- 
strated by water extraction of starch ground for many hours in a pebble mill 

25 Fischer (27, p. 88), however, states that dried granules do not show lamination 
but appear homogeneous, and so does Nageli. 

26 For example, Nageli ( 68 ) . 
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until it appears to have lost the black cross. The ground starch is sus- 
pended in water and separated from the solution by centrifuging. The 
process is repeated till the extract is not blued by iodine. The undissolved 
residue, dried with alcohol and ether and examined in polarized light, ap- 
pears dull white on the dark field, looking much like the ground starch before 
it was washed, except that there had been washed away the amorphous, gran- 
ular, non-luminous material which had been adherent to the surface of the 
granules. When this material was mounted in cedar oil, the granules ap- 
peared dull yellow, transparent, with numerous traces of bright birefringence 
and distorted black-cross markings. The explanation is obvious. Grinding 
covered the surface of most granules with abraded starch substance, which is 
not birefringent or only slightly so, and therefore masked the birefringence 
of the material in the interior of the granules. After this had been washed 
away by extraction with water, the granules again appeared birefringent, 
although this was less pronounced and no longer typical because the granules 
for the most part were more or less affected by the treatment. 

Apparently, anything that sufficiently breaks up the anatomical structure 
of the granule greatly modifies its birefringence, if it does not wholly destroy 
it. It is, therefore, probable that at least some of the optical properties are 
due to parallel arrangement of crystals or other elements in the granule. 
This is also the opinion of Katz (47). 

We must, then, distinguish two sorts of birefringence in the starch gran- 
ule — that which is due to parallel arrangement of the starch crystals, and 
that which is inherent in the starch substance itself and still visible with, a 
selenite plate in badly shattered starch. The latter is relatively slight. 

The black cross is due to the parallel arrangement of the starch crystal- 
lites manifest through the microscope in the radial striations. It is due, 
therefore, to a comparatively coarse structure and disappears whenever this 
is disorganized. Hence, it is understandable why the black cross remains in 
completely anhydrous starch, which, according to Katz, no longer exhibits 
an x-ray diagram. In such a dry granule, the radial striation and the lamina- 
tions are still visible. Conversely, when a starch granule is gelatinized with- 
out enough water to permit free swelling , 27 the radial striations, the laminae, 
and the black cross are no longer visible but the granules still exhibit an 
x-ray diagram, although an altered one. It is obvious, then, that the dis- 
organization which causes loss of the capacity to exhibit an x-ray diagram 
is of a finer sort than that which is sufficient to destroy the black cross. 

The hypothesis herein advanced is, of course, to a considerable degree a 
speculation, but a speculation which seems consistent with and capable of 
offering a reasonable explanation of all the facts known to the writer. It 

27 Katz terms this ‘ ‘ first-degree gelatimzation. ” 
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emphasizes the organization of the grannie without consideration of which 
it seems impossible to form any sort of rational mental picture of the be- 
havior of the starch granule. The importance of the organization of bio- 
logical structure in determining behavior has been emphasized by others 
(40). The hypothesis offered may in the end prove to be ill-founded, but 
it poses many questions which can be answered by experiment and this is 
sufficient justification for its presentation. 

Food Eesearch Institute 

Stanford University, California 
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A CHEMICAL AND PHYSIOLOGICAL STUDY OF TRAUMATIN, 

A PLANT WOUND HORMONE 

James Bonner and James English, Jr. 

(with three figures) 

Introduction 

The first tentative formulation of the “wound, substance ” concept was 
made by Wiesner some 50 years ago. In his “ Element arstruktur” (25) he 
suggested that it might well be that substances formed or produced by 
wounded cells pass from these cells to neighboring uninjured tissue and 
there bring about such phenomena as callus formation and regeneration; 
bring about, in short, a resumption of meristematic activity by cells appar- 
ently mature. Sound experimental evidence in support of the wound sub- 
stance hypothesis was obtained by Haberlandt (5-9). His classical 
potato experiment should be particularly stressed. He found that discs cut 
from a potato tuber showed cell divisions leading to periderm formation 
only if (a) phloem and (b) “wound hormone” were present. This wound 
hormone appeared to come from contents of injured cells at the cut surface 
of the disc. In a number of different ways Haberlandt demonstrated that 
both the influence coming from the phloem and that coming from the surface 
are diffusible chemical substances and that the interaction of the two is 
necessary for renewed division of the mature parenchymatous cells of the 
potato tuber, as well as of the kohlrabi root (8). In a later publication (8) 
Haberlandt showed that in other cases also, division of mature cells may 
be induced by the cooperation of “ lepto-hormone ” and “wound hormone.” 
By judicious dissection of the leaves of succulents, surfaces of uninjured 
cells could be exposed. The cells of these uninjured surfaces were capable 
of responding to the application of tissue juice from other leaves with a 
vigorous renewal of cell division activity. 

Reici-ie (19) confirmed the results of Haberlandt in another way. She 
injected the petioles and stems of various plants (Nymphaeaceae, Solanum, 
Gratiola ) with dilute tissue extracts and found that cell divisions were 
induced wherever the uninjured cells of the stem or petiole came in contact 
with the extract of injured cells. She was inclined to the view, however, 
that the activity of the extracts resided in suspended cell fragments rather 
than in soluble substances. Wehnelt (23), whose work with the paren- 
chymatous lining of bean pods will be discussed more extensively later, found 
that these intact parenchymatous cells react rather to a water soluble, heat 
stable substance present in tissue extract. Another favorable object for 
the demonstration of wound hormone activity was found by Wilhelm (26) 
in the parencyhmatous lining of the hollow stem of Vida faba . 
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It may be concluded that it is a well established fact that when a plant 
is injured, substances are formed or liberated which are capable of causing 
other uninjured cells to resume active growth. These substances may well 
be called wound hormones since they are carriers of correlation between one 
portion of the plant and other portions. They appear in some cases to be 
also “cell division substances.” It is equally well established that in many 
cases the wound hormone acts only in conjunction with a second factor 
contained in the phloem. This factor, however, is less well known and is 
less amenable to study than is the wound hormone itself. 

The chemical nature of the wound hormone has not been studied pre- 
viously in any detail. In fact, its very existence as a chemical individual 
might be considered as thrown into doubt by the work of Wehnelt and 
Wilhelm, who have shown that the most diverse and ill assorted substances 
possess some typical wound hormone activity. The chemical properties of 
the active principle of tissue extract are also in question since it has been 
reported by Haberlandt that it is heat labile, by Wehnelt that it is heat 
stable, and by Reiche that it is not soluble in water but is heat stable. In 
this connection it should be remembered that different test objects may 
actually respond to different wound hormones. 

That the wound Hormone possesses considerable interest both from the 
theoretical and the practical points of view is perhaps obvious. In the 
wound hormone we have a substance which is capable, under suitable cir- 
cumstances, of bringing about renewed growth activity of otherwise mature 
cells. The role of wound hormone in wound healing, parthenogenesis, 
adventive embryony, callus formation, etc., has been discussed in detail by 
Haberlandt (9) and need not be gone into here. Attention has been called 
more recently to the role of wound hormone in the culture in vitro of plant 
tissues (2). In the present work, an attempt has been made to work out 
one quantitative test for wound substance activity, and, using this test, to 
purify the active principle. The work, therefore, has been confined to 
one test object. The test was developed from that suggested by Wehnelt 
(23). Since the work was undertaken in the fall of 1935, several papers 
bearing on the subject have appeared (13, 15, 17, 20, 22). These will be 
discussed later as the appropriate connections arise. 

Experimentation 
Principle of the test 

The use of the immature bean pod for the demonstration of the action 
of wound hormone is due to Wehnelt (23), who worked out a qualitative 
activity test and determined a number of facts concerning the physiology 
and chemical properties of the active principle. 

The immature bean pod merely need be slit lengthwise along suture and 
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midrib, and the unripe seeds removed, to expose the layer of uninjured 
parenchymatous tissue which lines each seed chamber. If this layer of tissue 
is then injured, for example, by a prick with a needle, the cells in the region 
of the wound divide and enlarge so that a small ‘ ‘ neoplasm ’ ’ or intumescence 
projecting above the level of the surrounding tissue is formed. A much more 
striking result may be obtained by the application of juice from crushed 
beans. If a drop of such bean juice is applied to the uninjured surface it 
is absorbed in about 24 hours. Under the point of application of the drop 
and before it is completely absorbed, a cylindrical intumescence begins to 
arise, which may attain a height of as much as 3 mm. in the course of 48 
hours. Histologically the intumescence consists of cylindrical parenchym- 
atous cells elongated at right angles to the surface of the seed chamber. 

The change in wall structure of these cells during the course of the reac- 
tion is a point of some interest. The normal parenchyma of the seed chamber 
consists of approximately isodiametric cells and these possess the foliar 
arrangement of cell wall micellar units which is typical of such cells (1). 
They are isotropic when viewed in tangential section between crossed nicols 
of the polarizing microscope. During the course of the wound hormone 
reaction the shape of these cells changes to cylindrical due to the extensive 
cell elongation which takes place. The elongating cells are anisodiametric 
and they show the corresponding anisotropy of cell wall structure which is 
typical of elongating cells. The micellar units are arranged in a direction 
which is, statistically, perpendicular to the axis of elongation (1). 

Normal mitotic cell divisions occur in the new growth, their frequency 
depending upon the species and variety of bean used. In a given variety of 
bean the frequency of cell division depends upon the concentration of the 
applied extract as does the height of the intumescence. With increasing 
size, the total number of cell divisions increases. The intumescence is thus 
a product of simultaneous cell division and cell enlargement. In our experi- 
ence those varieties of beans which give large intumescences in response to the 
addition of wound hormone also show extensive cell division, whereas those 
varieties which give intumescences of limited size may show few or no cell 
divisions. As far as has been observed during the present work, cell divisions 
appear to be essential to the formation of large amounts of new growth. Pre- 
vious authors who have investigated the wound hormone response of the bean 
pod have interested themselves chiefly in this cell division activity (23, 13). 
The quantitative estimation of the latter, however, is at best tedious and hence 
difficult of application to large scale routine testing. Furthermore, investi- 
gators who have confined themselves to estimation of division frequency, 
as will be shown later, have been misled on important points. In the present 
investigation the height (size) of the intumescence, a readily and quanti- 
tatively determinable quantity, has been chosen as the criterion of wound 
substance aetivitv. 
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The quantitative test 

It was found quite possible, with the observance of a number of pre- 
cautions, to place the “bean test” upon a quantitative basis. A large and 
constant supply of beans was essential. This was obtained through the 
cooperation of the Lake Farm Produce Co. 1 The beans (Kentucky Wonder) 
to be used on any given day were selected from a fresh, high grade stock (one 
pound chosen from 50 to 150 pounds) . Only uniformly firm, immature (not 
rounded out by the developing seeds) pods of dark-green color were selected. 
On those days when fresh beans were not available, stock which had been 
stored at 35° F. was used. Such pods, however, gave less reliable results, 
apparently owing to the fact that they were extensively dried out. Tests 
were made at the same hour each day in order to avoid, among other things, 
effects of diurnal fluctuation such as are found in the Avena test (14). 

The pods were slit lengthwise along suture and midrib (fig. 1), opened, 
and the seeds removed. The individual seed chambers were then cut from 
the pod and arranged in Petri dishes upon moistened absorbent paper. The 
apical chamber and the basal one from each pod were rejected since these 
are less reactive than the others. The “cups” were arranged in five columns 
of six cups each. Each column consisted of chambers from a single bean; 
each row, of chambers from different beans. In each Petri dish there were, 
therefore, cups from five different beans, six cups from each bean, and in 
each dish it was possible to test six different solutions on five different beans. 
Because five beans did not suffice in general to give an accurate measure of 
activity, due to individual variations, ten beans were used in most determina- 
tions. In tests requiring special accuracy (as, for example, molecular weight 
determinations by the diffusion method (4, 24, 12) twenty or more beans 
were used. The solutions to be tested were diluted with distilled water in- 
stead of nutrient solution, since it was found that the use of a balanced salt 
solution made no difference in the results. Drops of the test solution (ap- 
prox. 0.01 ce. per drop) were placed in the center of each cup with a micro- 
pipette. The tests were then placed in an incubator at 25° C. At the end 
of the test period (in general 48 hours, see below), each cup was sectioned 
through the reacting portion and the height of intumescence measured under 
a low power binocular microscope. 

Course of the reaction with time 

Figure 2 gives the course of the reaction with time for a series of dilutions 
of the same stock solution. The first reaction appears between 8 and 16 
hours, before the drops have been completely absorbed. Each concentration 

1 The authors are deeply indebted to Mr. K. Wada of the Lake Farm Produce Co. 
Only through his constant cooperation and assistance was it possible to obtain the supply 
of fresh high quality beans needed for the routine testing. 
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Fig. 1. Steps in the execution of the “bean test”: A, fresh beans; B, beans opened 
and seeds removed; C, individual seed chambers arranged in Petri dish; D, drops (con- 
taining traumatin) in place; E, characteristic reaction to traumatin, after 48 hours; 
F, cross section through the seed chamber after 48 hour test. The top row is a typical 
control, and the bottom row a reaction which is shown in the linear portion of fi g. 3. 

gives a typical S-shaped growth curve, the curves from tests with smaller 
concentrations having lesser slopes and earlier maxima than those from tests 
with the higher concentrations. The highest concentration, for example, 
attained its maximum only after 64 hours while the lowest concentration 
attained its maximum after 40 hours. Since, for routine testing, it was 
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the standard length of incubation. Figure 3 gives a typical example of 
concentration plotted against height of intumescence after 48 hours. It 
may be seen that : 

1. Height is proportional to concentration between approximately 0.20 
and 0.67 mm. Over this range, then, height of intumescence, less the correc- 
tion due to the fact that the curve does not pass through the origin, may be 
used as a measure of wound hormone activity. If a longer time is chosen, 
the linear relationship holds over a wider range. 

2. The curve does not pass through the origin. If the main linear portion 
is extrapolated, it passes through the height axis at about 0.18 mm. 

This “intersection point” (I, on fig. 3) is of fundamental importance to 



Fig. 2. Development of intumescence with time. Six concentrations of traumatin, 
each one-half as great as the preceding, are represented. 

the understanding of the test. The height of intumescence corresponding 
to the intersection point varies from day to day, but on any given day it is 
equal to the maximum response which is given to any of the “non-specific” 
agents which are discussed below. It is to be noted, however, that non- 
specific agents may cause a response smaller than this ; thus water causes a 
response which is several times smaller than the maximum non-specific 
response which is possible. Above this non-specific portion of the response 
is superimposed the major effect of the added hormone. Only those sub- 
stances which in some concentration elicit a response greater than the non- 
specific portion, can be considered as possessing true wound hormone activity. 
The failure in the past to distinguish sharply between specific and non-spe- 
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cific response may have been due to the much smaller accuracy of the cell 
division frequency determinations which have been made. In any case it 
has led to the present confusion as to the specificity of the hormone, a ques- 
tion which will be discussed later. 

The wound hormone itself is capable of causing the non-specific as well as 
the specific response. That this is so, is clear from the activity-concentration 
curve (fig. 3) in which one is superimposed on the other. The non-specific 



. RELATIVE. HORMONE CONCENTRATION 

Fig. 3. The relation between traumatin concentration and height of intumescence. 
I, “intersection point’ ’ (see text),* H 2 0, the reaction to pure water. 

portion is brought about by much lower concentrations of wound hormone 
than is the specific response, and also it is caused by much smaller concen- 
trations of wound hormone than of the various non-specific agents. This 
fact suggests a second measure for wound hormone activity, namely, the 
lowest concentration which is just capable of causing full non-specific re- 
sponse. This measure of activity does not give relative activities for two 
wound hormone preparations identical with those obtained by the first 
method (from large intumescences), as will be shown later. 

The non-specific reaction 

It has already been mentioned, that Wehnelt (23) found a number of 
agents other than the juice of beans, capable of causing a reaction in the 
bean test. Wehnelt was often troubled with a considerable reaction caused 
by the application of drops of plain water. He also found that sugars, 
neutral salts, and even agar regularly caused reaction. It is desirable to 
make clear at once the relationship between these non-specific reactions 
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and those due to the application of wound hormone. Water alone gives 
a reaction particularly if the test tissue is relatively dry. The standard 
4 4 fresh’ ? beans 2 which have been used in this investigation give, in general, 
either no response or a negligible one to the application of pure water (0.07 
mm. is a value obtained on many days). If such beans are allowed to dry 
out, however, they react more vigorously to water. Sugars and neutral salts 
give, with these beans, reactions greater than that of water only when used 
in high concentrations. Thus 10 per cent, glucose gave a reaction four times 
as great as that of water, while 1 per cent, gave only the reaction of water 
alone. The more permeable substance, urea, in equivalent concentrations 
gave reactions only half as great as those due to glucose. The effects of these 
substances are clearly osmotic ones. Another class of non-specific responses 
includes those due to wounds or to the application of markedly toxic sub- 
stances. In either of these eases there is a circular zone of response around 
the dead or badly injured portion, and a crater-shaped intumescence is 
formed. 

It is clear that the non-specific causative agents may be classified under 
two general headings: (1) Those causing slight if any visible injury such as 
hypo- and hyper-tonic solutions; (2) those causing severe injury, either 
mechanical (pricks, etc.) or chemical (HgCl 2 , strong acid or alkali, etc.). 
In these cases it is clear from the crater shape of the intumescence that the 
injured cells have liberated wound hormone which caused adjacent cells to 
react. 

The causative agents which superficially appear to be non-specific are 
probably all based upon the liberation of wound hormone within the tissue 
itself. The maximum amount thus liberated by agents which are not visibly 
toxic is then just sufficient to cause a maximum intersection point non-spe- 
cific response. Intumescences caused in this way are not to be confused with 
those caused by the addition of wound hormone from outside. The average 
maximum response due to the former is 0.10 to 0.30 mm., that due to the 
addition of wound hormone, 1.9 mm. or more. 

Reactivity of different varieties of beans 

A number of leguminous pods other than those of Phaseolus were tested 
as to their suitability for the bean test. Pods such as those of pea, lima bean, 
and Chinese pea, which have only rudimentary parenchymatous linings of 
the seed chambers give no reaction whatsoever. This is not surprising since 
the reaction is carried out by the parenchymatous lining of the bean. Dif- 
ferent varieties of the string bean itself also differ in their response to wound 
hormone. The maximum average height of intumescence for five varieties 

2 By this is meant fresh market beans. Beans fresh from the plant were found to be 
improved by a slight amount of drying (2). 
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is recorded in table I. Kentucky Wonder, brown seed, is at least four times 
more reactive than is Kentucky Wonder, white seed, and excels the other 
varieties still more. The brown seed Kentucky Wonder was, therefore, used 
exclusively for the quantitative test outlined above. 


TABLE I 

Maximum height of intumescence given by different varieties of beans 


Variety 

Maximum av. intumescence 

HEIGHT 


mm . 

Kentucky Wonder, brown seed 

1.9 

Kentucky Wonder, white seed 

0.45 

Florida Black Valentine 

0.3 

Golden Wax 

0.15. 

Green Pod 

0.00 


Some investigation of the reasons underlying this varietal difference in 
reactivity has been made. In table II are given the results of reciprocal tests 
between Kentucky Wonder brown seed, and Florida Black Valentine. The 


TABLE II 

Reciprocal tests between Kentucky Wonder and Florida Black Valentine beans 


Extract used 

Height of intumescence 

Kentucky 

Wonder 

BEANS 

Black 

Valentine 

BEANS 


mm . 

mm. 

Kentucky Wonder 

0.65 

0.30 

Black Valentine 

0.51 

0.30 

Kentucky Wonder + Black Valentine 

0.66 

0.30 

Free Acid Cone ; 

0.70 

0.0 


latter contains wound hormone which is highly active on Kentucky Wonder 
but only slightly active on itself. Kentucky Wonder juice also has only 
slight activity on Valentine. A mixture of the two juices shows that Valen- 
tine juice contains no inhibitor of the reaction. The fraction of the juice 
which is active on Kentucky Wonder and which was purified during the 
course of the present work possesses little, if any, activity on Valentine. A 
possible explanation is that the interaction of several factors is necessary 
for the response and that we have purified only one of them. The others, 
apparently, are present in the Kentucky Wonder bean in considerable 
amount, but are lacking in the Valentine. A complete elucidation of the 
reasons for the difference must however await a further investigation. 
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Distribution of the wound hormone 

That the wound, hormone is widely found in nature has been indicated 
by the work of Wehnelt (23) as well as that of others. A more extensive 
investigation of its distribution has been made during the course of the 
present investigation and a portion of the results are presented in table III. 


TABLE III 

Occurrence of the wound hormone 


Source 

Activity 

Source 

Activity 

Bean pod 

+ 4- 

Corn meal 

_ 

Brussels sprouts .... 

4-4- 

Soy bean meal 

_ 

Sweet potato 

4 . 

Wheat germ .. 

+ 

Potato 

+ 

Molasses 

+ 

Orange 

+ + 

Yeast, bakers ’ 

- 

Lemon 

+ + 

Yeast, brewers’ 

' + 

Tomato 

+ + 

Vitamin B concentrate 

! 

Lettuce 

4-4- 

Urine, human 

_ 

Spinach 

+ 

Urine, cow 

- 

Pea plant, etiolated 

+• + 

Peptone, Difeo 

- 

Pea plant, green 

+ + 

Beef extract 

- 

Pea seed 

- 

Liver extract 

- 

Hay, alfalfa 

+ 

Milk 

— 

Malt 

+ 

Egg albumin 

- 

Bice polishings 


Serum 

- 

Cabbage 

+ 

Emulsin 

— 


Each source was tested over a wide range of concentrations. A substance 
listed as inactive failed to cause any response other than non-specific in any 
concentration. Of the animal tissue and extracts examined, none was found 
to possess any marked activity. The reaction to serum obtained by Wehnelt 
was, presumably, merely non-specific in nature. The urine of cows is of par- 
ticular interest. Alfalfa hay is a relatively rich source of the hormone 
(table III). The urine from cows fed this hay, however, is completely in- 
active. Wound hormone behaves, in this respect, quite differently from 
auxin a, which is ingested by the animal and excreted in the urine. The 
1 c sporogenes vitamin” (18) also is found in the urine of herbivores. Wound 
hormone, however, either is destroyed by the flora of the gut, or is metabo- 
lized further by the cow. 

The richest sources were found to be green beans themselves, leaves in 
general, dry brewers’ yeast, and the juice of oranges and tomatoes. Atten- 
tion might be called to the fact that various samples of brewers’ yeast were 
all inactive, in marked contrast to dry brewers’ yeast. Although green por- 
tions of the plant are rich in wound hormone, the latter is not confined to 
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chlorophyll-containing parts. Thus, it is to be found in fruits, in potatoes, 
and in wheat germ. It is not present in any considerable amount in the pea 
seed, but is formed after germination and during growth of the seedling. 
Seedlings grown in darkness contained as much wound hormone per unit 
dry weight as did those grown in the light. 

Table IV gives a quantitative comparison of a few of the more promising 

TABLE IV 

A QUANTITATIVE COMPARISON OF SOURCES RICH IN WOUND HORMONE 


Method of 

EXTRACTION 


Water 

extraction 


Bean pod 

Pea plant 

Orange 

Yeast, brewers * 
Alfalfa hay ....... 


Source 


Relative activity 

PER MG. DRY WT. 
OF EXTRACT 


100 

77 

50 

31 

15 


Absolute 

alcohol 

extraction 


Bean pod 

Yeast, brewers 1 

Alfalfa hay 

Wheat germ 


410 

380 

233 

143 


sources of the hormone. In no ease was a source found which was richer 
than the bean pod itself. This is in accord with the findings of Silber- 
schmidt and Kramer (20), that the wound hormone content of a plant 
tissue, as measured by the bean test, is greater the closer the relationship of 
the plant in question to the bean. However, brewers’ yeast which is cer- 
tainly systematically far removed from the bean yields a very active alcoholic 
extract. 

It might be mentioned here that a number of different methods of extrac- 
tion of the wound hormone have been compared. The results of a typical 
experiment are presented in table V. The hormone is heat stable and the 

TABLE V 


A COMPARISON OF DIFFERENT METHODS OF EXTRACTING WOUND HORMONE FROM BEAN PODS 


Method of 

EXTRACTION 


Preparation of 

MATERIAL 


Water 

extraction 

Alcohol 

extraction 


fPresh: ground 
4 Ground: dried 
[ Dried : ground 

(Ground: dried 
| Dried : ground 


Relative 

activity 

Yield: % 

DRY MAT- 
TER/DRY WT. 

1 

41 

1 

44 

1 

48 

4.1 

4.1 

! • 


Total 

AMOUNT OF 
HORMONE 


41 

44 

48 

16.4 
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fresh, beans may be dried and extracted without loss of activity. It is of 
no advantage to grind the tissue (thus to wound it severely by mechanical 
means) before drying and extracting. Of the organic solvents used for this 
initial extraction, absolute ethyl alcohol was found to be the most effective. 
The extract which is obtained by extraction with hot alcohol is more concen- 
trated in wound hormone than is the corresponding water extract, although 
a smaller total amount of hormone is obtained, even if the alcohol extraction 
is apparently complete. The alcohol extraction possesses other advantages 
(4), and has been used in the subsequent procedure for purification. 

Specificity of the reaction 

A number of pure substances, known to possess physiological activity 
upon plants, were tested during the course of the work. A partial list of 
these and other pure substances tried is given in table VI. None of the com- 

TABLE VI 

Pure substances found to be inactive in the bean test 


Indole-B -acetic acid 

Cystine 

Aneurin, (Vitamin B x ) 

Cystine 

Lacto-flavin 

Alanine 

Ascorbic acid 

Glycine 

1-2-5-6-di-benzanthracene 

Methionine 

Folliculin 

Tyrosin 

Pantothenic acid* 

Histidine 

Mnositol 

Proline 

Biotint 

Valine 


Tryptophane 


Leucine 

Lecithin 

Asparagin 

Tannic acid 

Aspartic acid 

Hesperidin 

Glutamic acid 

Narinigen 

■ % r ' ■ 

Ornithine 

Colchicine 

Lysine 

AlZantoin 

Serine 


Betaine 


* Obtained through the generosity of Prof. B. J. Williams, Corvallis, Oregon, 
t Tested on different but reactive beans by Prof. F. W. Went. Biotin supplied 
through the courtesy of Prof. F. Kogl, Utrecht. 


pounds elicited any response other than the non-specific or that due to 
marked toxicity in the higher concentrations. Of particular interest are 
the following: 

Hetero-auxin, mentioned by Jost (13) as possessing activity in the bean 
test. Jost, however, used very high concentrations (1 : 1000) which appar- 
ently were toxic. Hetero-auxin was inactive in the present test. 
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Aneurin (vitamin B x ), a growth factor for other plant tissues (3) but 
inactive in the bean test. 

Biotin , pantothenic acid , and i-inositol , substances of the yeast “bios” 
group. Laird and West (15) have found a “bios 2b concentrate ’ ■ to be 
active upon their beans. Pure or nearly pure “bios 2b ? * (biotin, pantothenic 
acid), however, were inactive in the present test. Prof. R. J. Williams, 
furthermore, has very kindly tested our fraction VH-b (below) under a 
number of conditions and found it to have only negligible “bios” activity. 

Ty rosin, said by Orsos (17) to be the active wound hormone principle 
in the kohlrabi test of Haberlandt. It was inactive in the present test, as 
were all of the amino acids tested, both alone and in combination. 

Ascorbic acid , which, according to Havas (10) plays some role in abnor- 
mal plant growth. It was inactive in the bean test. 

Colchicine , said by Havas (11) to promote abnormal meristematic activ- 
ity. It was inactive in the bean test. 

Purification of the wound hormone 

The quantitative test was developed with the particular view of using 
it as a tool in the isolation and chemical identification of the wound hormone. 
Each step in the purification was arrived at only after much preliminary 
groping with this physiological assay as a guide. The evidence for the 
value of each step cannot be given here. Since a detailed account of the 
procedure and a discussion of the chemical properties of the products may 
be found elsewhere ( 4 ), only a brief resume is presented in this paper. 

The activities of the various fractions are given below in two ways: 
(a) that determined from the concentration needed to give a large intumes- 
cence (0.30 to 0.70 on the scale of fig. 3), given as activity per mg. relative 
to the activity per mg. of the initial alcohol extract as unity; and (b) that 
determined from the minimum concentration giving an intersection point 
response. This is called the minimum active concentration. 

Three separate lots of beans, 100 pounds in all, were extracted. The 
summary given in table VII is for the extraction of one of these lots, having 
an initial wet weight of 20 pounds. 

It was impossible to increase significantly the activity of VII-b by 
further extractions or precipitations or even by preparation and distilla- 
tion of the methyl ester. This free acid concentrate of VH-b is a yel- 
low, extremely hygroscopic, amorphous solid, which is insoluble in ether, 
chloroform, etc., but readily soluble in water, alcohol, pyridine, etc. It 
is heat, acid and alkali stable, and contains basic nitrogen although not 
as a primary amine. The molecular weight as determined by titration, 
diffusion (4, 12), and by other methods, is in the neighborhood of 220. 
The ester product of this “free acid concentrate” is a yellow oil which dis- 
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TABLE VII 

Resume of steps in the purification of the active principle of the 
WOUND HORMONE 


Amount 

Activity 

PER MG. 

RELATIVE 

TO I-b 

Minimum 

ACTIVE 

CONCEN- 

TRATION 


0.0 


92 gm. 

1.0 

1:400 

42 gm. 

0.0 


52 gm. 

1.5 

1 : 1600 

22 gm. 

■ 

0.0 


30 gm. 

1.4 

1 : 4500 

17 gm. 

0.3 


12 gm. 

2.0 

1: 12800 

3.8 gm. 

1.6 


6.4 gm. 

6.3 

1: 86000 

3.0 gm. 

2.8 


1.62 gm. 

10.8 

1: 100,000 

0.216 gm. 

10.3 


1.406 gm. 

13.8 

1: 100,000 

25% of VH-b 

13.1 


15% of VH-b 

14.4 

1: 100,000 


Procedure 


I. Extraction of dried beans with 
absolute alcohol 

a. hot water extract of residue ......... ' 

b. water soluble of alcohol extract 

II. Adsorption of I-b with charcoal 
and elution with pyridine 

a. charcoal filtrate . 

b. combined eluates 

III. Eractional ether precipitation of 
Il-b from pyridine 

a. ether precipitate 

b. ether filtrate 

IY. Extraction of Ill-b with ethyl 
acetate 

a. ethyl acetate ; insoluble 

b. ethyl acetate soluble ............ 

V, Conversion of IY~b to its barium 
salts, alcohol extraction, and re- 
generation of the free acids 

a. alcohol soluble 

b. alcohol insoluble 

VI. Precipitation of V-b with mer- 
curic acetate and subsequent re- 
generation with H 2 S 

a. mercuric acetate filtrate 

b. mercuric acetate precipitate ...... 

VII. Extraction of Vl-b with acetone 

a. acetone insoluble 

b. acetone soluble 

VIII. Preparation and high vacuum dis- 
tillation of the methyl ester of 
VH-b 

a. unchanged free acid 

b. main fraction of ester distillate 

(after hydrolysis) 


tilled well and could be redistilled repeatedly without change of activity. 
It should be noted that the ester can be tested only after hydrolysis, since 
it is water insoluble. The products of the three separate extractions gave 
identical analytical results, the composition of the redistilled ester agreeing 
approximately with the formula C11H17O4N. It seems probable that this 
product is not far from pure although it has not as yet yielded a single 
crystalline derivative. 
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From the 100 pounds of fresh bean which were extracted a total of 
approximately 500 mg. of distilled ester were obtained. This amount has 
been too small to permit of further investigations, but it is planned to carry 
out the extraction upon a larger scale in the near future. 

Discussion 

The procedure used for the purification resulted in an enrichment of 
the active principle of about 250 times over that of the initial alcohol extract, 
as measured by the minimum active concentration. As measured by the 
concentration required to produce a given large size of intumescence, the 
enrichment, however, was only 14 times. Although no portions containing 
any significant amount of activity were discarded during the procedure, 
nevertheless the enrichment as measured in this way was much less than the 
enrichment of material, which was 65 times between alcohol extract and 
product VH-b. At least two possible explanations suggest themselves : 

1. The wound hormone may be continuously altered to a closely related 
inactive substance. 

2. The cooperation of a second substance or substances may be necessary 
for the production of large intumescences. Such substances should need to 
be inactive alone, but should augment the effect of the fraction which we 
have purified. 

With regard to the first possibility, it has been impossible to demonstrate 
that spontaneous inactivation of the wound hormone occurs, although this 
has been looked for repeatedly. The second possibility also has been borne 
in mind constantly. At each step of the procedure the two resulting frac- 
tions were tested not only separately but in combination. In no case vpas it 
possible to find any synergistic action of the combined fractions. The free 
acid concentrate was also tested in combination with other fractions or 
substances, for example, with charcoal filtrate of fresh extract, fraction Xl-a, 
sugar, aneurin, lactoflavin, and hetero-auxin. The slightest evidence for 
any co-wound hormone activity was never detected. 

Umrath and Soltys (22) in a paper which has appeared since the present 
work was undertaken, have also used the bean test (although in a less quanti- 
tative fashion) as an aid for the enrichment of wound hormone. They 
obtained, from alfalfa, a product having an activity of 1 : 50,000, or one 
only slightly less active than that obtained here. Chemically, however, the 
products differ, that of Umrath and Soltys containing less nitrogen and 
much more oxygen than that reported here, and apparently being more 
closely related to the “Mimosa substance 5 5 of Soltys and Umrath (21). 
It seems possible that the apparent difference in composition of the two 
substances may be due only to a difference in their respective purities. 

As we have mentioned in the introduction, Haberlandt (8) found that 
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a substance coming from the phloem (lepto-hormone) interacts with the 
wound hormone in the induction of cell divisions, at least in certain cases 
such as in the potato tuber. In the case of the bean test, it may be supposed 
that the lepto-hormone, if it is necessary, may be supplied by the vascular 
tissue of the pod. Over the range in which response is proportional to 
applied wound hormone concentration, it is in any case clear that wound 
hormone rather than lepto-hormone is the limiting factor in the normal 
bean test. Tests were therefore carried out in which it was attempted to 
make lepto-hormone the limiting factor. The seed chamber was completely 
freed of vascular tissue and tests with high concentrations of wound hormone 
were carried out on the isolated parenchyma. Removal of the vascular 
tissue actually did reduce the response greatly. If the isolated parenchyma 
was placed upon agar containing sugar, it responded much more vigorously, 
although still not as well as the intact controls. One might be tempted to 
conclude that lepto-hormone, in the case of the bean, consists principally of 
nutrient sugars. However, the situation is actually more complicated and 
can be worked out fully only when larger supplies of pure wound hormone 
are available. 

With the isolation of an active wound hormone, even though it may not 
as yet be in a completely pure state, it is proper to propose a chemical name 
for the substance. The entire background of the subject from Haberlandt, 
in particular, to the present, would seem to make “traumatin” particularly 
appropriate. It should be stressed again that there may be many wound 
hormones, that different test objects respond to different chemical sub- 
stances, and that the present investigation has been concerned with trau- 
matin, a plant wound hormone, rather than with traumatin, the plant wound 
hormone. 

Summary 

1. The origin and development of the wound hormone concept have been 
reviewed briefly. Of the several available methods for the demonstration 
of wound hormone activity, that of Wehnelt (23) was chosen for the 
present work. 

2. A quantitative assay of wound hormone activity has been described. 
In this test, size of the new growth rather than frequency of cell division 
is measured. 

3. The test was shown to be specific for this wound hormone. 

4. With the aid of the quantitative assay it was possible to isolate a 
substance, apparently not far from pure, and possessing typical wound 
hormone activity. For this substance the name traumatin is proposed. 

The authors wish to express their gratitude to Prof. F. W. Went for 
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his many suggestions and critical advice during the course of the investi- 
gation. 

William G. Kerckhoff Laboratories of the Biological Sciences 
Gates and Crellin Laboratories of Chemistry 
California Institute of Technology 
Pasadena, California 
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effect of certain ions, used singly and in combina- 
tion, ON THE GROWTH AND POTASSIUM, CALCIUM, AND 
MAGNESIUM ABSORPTION OF THE BEAN PLANT 

Robert L. Carolus 
(with two figures) 

Introduction 

Almost every season a considerable portion of the acreage of edible podded 
beans in the Norfolk section, although adequately fertilized with nitrogen, 
phosphorus, and potash, fails to produce a satisfactory crop because of the 
fact that some nutritional phenomenon interferes with normal plant growth. 
As the trouble has occurred in many cases only in certain sections of a field, 
the poor growth generally could not be attributed to unfavorable climatic con- 
ditions. A recent study of magnesium deficiency (3), in which chemical 
analyses of the plants indicated that in some cases ions other than magnesium 
altered the absorption and utilization of the magnesium ion by the plant, sug- 
gested that some similar phenomenon causing an unbalanced condition in the 
soil or in the plant might be responsible for the observed unsatisfactory 
development of the bean crop. 

The study of various ions and their interrelations, both in the plant and 
in the soil, has produced voluminous experimental evidence regarding the role 
of various ions in plant nutrition and plant growth. However, as most of 
these studies have been conducted with water or sand cultures, the concomi- 
tant effects of the soil on these phenomena have not been clearly identified. 
In the work reported in this paper an attempt will be made to indicate some 
of the factors, both in the plant and in the soil, that may be partly responsible 
for the differences in plant response observed in beans grown under condi- 
tions produced by the addition of various ions, both singly and in combina- 
tions, to the soil. By supplementing the regular tissue analysis of the entire 
plant with an analysis of the metabolically more active sap of the stems of the 
plant, a new criterion for determining the effects of the various ionic com- 
binations on both current absorption and total utilization was set up, which 
may possibly be of material aid in clarifying some of the physiological and 
chemical relationships existing between the various ions. 

Experimental methods 

Seeds of the Bountiful variety of the edible podded string bean ( Phaseolus 
vulgaris) were planted September 9 in two-gallon glazed, drained pots 
filled with a medium composed of one-half soil, classified as a Norfolk fine 
sandy loam, and one-half washed sand. In colloid and organic matter con- 
tent this medium probably is comparable to the poorest type of soil in this 

24.Q 
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section. A test of this medium by the Soils Department, using methods fully 
described elsewhere (6), indicated a soil reaction of pH 5.1, a good rating for 
available phosphorus, potassium, and ammonia nitrogen, and a low to fair 
rating for magnesium. The amounts of the various cations (expressed in 
terms of their oxides) found in the replaceable state at the end of the third 
crop, and after a heavy leaching in a pot containing 9 kg. of the unfertilized 
soil, were 15.9 gm. of potash, 2.8 gm. of calcium oxide, and 1.25 gm. of 
magnesium oxide. 

Each fertilizer treatment, as listed in table I, was applied, after the plants 
had emerged on September 22, to duplicate pots at a rate equivalent to 500 
pounds per acre of a fertilizer analyzing 6 per cent, nitrogen, 6 per cent, 
phosphoric acid, and 5 per cent, potash. All treatments except number one 
contained equal amounts of nitrogen and all except numbers one, two, and 
four contained equal amounts of phosphorus. All cations were applied in 
equivalent weights. Consequently, those containing two, three, or four 
cations contained two, three, or four times as much equivalent cation material 
as those receiving a single cation. 

The plants were harvested October 15 when they had reached the blooming 
stage shown in figures 1 and 2. Determinations of K 2l O, CaO, and MgO in 
the fresh plant tissue were made as follows : Five-gram portions of finely cut 
stem tissue taken from plants given each of the treatments were ground in 
mortars with 20 cc. of 2 per cent, acetic acid and approximately 0.25 gm. of 
charcoal for 10 minutes, and then filtered at once. Portions of this extract 
were used in testing for potash with the aid of sodium cobaltinitrite, for cal- 
cium oxide with the aid of sodium oxalate, and for magnesia with a weak 
alcoholic solution of titan yellow. The turbidity developed in the potash and 
lime test, and the progressive changes in color for different concentrations of 
magnesia were made the basis of comparison with solutions containing known 
amounts of potash, lime, or magnesia. Numerous details involved and pre- 
cautions used in making these tests have already been published (2, 5) 
and will not be reiterated here. 

The roots, leaves, and remainder of the stems from each treatment were 
dried and subjected to the conventional tissue analyses for magnesia, calcium 
oxide, and potash (1). 

Experimental results 
Growth response 

In figures 1 and 2, examples of the type and extent of the growth pro- 
duced under most of the ionic treatments used are shown at the period just 
prior to sampling for chemical analysis. In the upper row of crocks in figure 
1, the general debility and lack of plant growth are evidences that some factor 
or factors interfered with normal development. Similar conditions of 
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None 


N-P-K 


N-P-Ca 


N-P-Mg 


N-P-Na 


None N-P-K Check N-P-K-Ca 

Mg-Na 

Fig. 1 . The influence of certain ions on the growth of beans ( Phaseolus vulgaris). 

chlorosis, dwarfing, and early leaf shedding are often observed under field 
conditions, and probably are caused by some unbalanced nutrient condition 
in the soil. In the center row of pots in figure 1, the unfertilized plants (pot 
50) are taller than many of those grown in treated pots. However, their dry 
weight was not equal to that produced by any of the others shown in the 
center row, but was greater than that produced in pots receiving either N, 
N-P, or N-K mixtures. The dwarfing of the stems and petioles in the bean 


N-P 


N-K 


N-P-K 
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N-P-K 


N-P-K 

Cl • so 4 


N-P-K-Ca 
Mg * Na 


N-P-K-Ca-Mg 
Na * Cl • S0 4 



N-P-K 


IN-P~K-Ca 


iN-r-n 


Fig. 2. The influence of eertain ions on the growth of beans (PUseolus 'wig ar 


plants a.! received only the sodium cation was a very characteristic symptom 
of sodium toxicity and has been observed in many other crops grown under 

ln * he >»r row lhe eif “‘ »' a 

fertilizer (pot 50) as contrasted with one that contains only N, P, K Ca M- 

™ a “! 1S f pot 89 j , 1S sllown - F or the best growth of beans some of the 
^s usually included m a regular commercial mixture evidently should be 

X!r P i commercial mixture contained considerable sodium from 
nitrate of soda, an abundance of sulphate from sulphate of ammonia, and all 
the potash from potassium chloride, the sodium, chlorine, and sulphate ions 
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probably were partially responsible for some of the differences in growth that 
were observed. In the upper series in figure 2 this idea is substantiated for 
the chlorine and sulphate ions. Pot 91 received the same cations as were used 
in pot 89, but, in addition, received some chlorine and sulphate ions which 
probably were responsible directly or indirectly for the observed differences 
in growth. 

In the lower series of pots in figure 2 the detrimental effect of cation un- 
balance is readily observed. Growth was more responsive to fertilizer con- 
taining all four cations than to any mixture from which one was omitted. 
Although beans respond positively to a mixture of all four cations, the potato, 


TABLE I 

Chemical composition op fertilizers used 


Treatment 

NO. 

Description 

Constituents and amounts applied to each pot 
(XJ. S. P. chemicals used) 

1 

None 

None 

2 

N ' 

NH 4 N0 3 , 1.39 gm. 

3 

N-P 

NH 4 N0 3 , 1.12 gm. + NHtHoPOt, 0.79 gm. 

4 

N-K 

NH.NO.,, 1.04 gm. + KN0 3 , 0.88 gm. 

5 

N-P-K 

NH 4 N0 3 , 0.77 gm. + NH 4 H 2 P0 4 , 0.79 gm. 

+ KNO ;i , 0.88 gm. 

6 

Cheek 

A 6-6-5 (2% MgO) neutralized fertilizer (commer- 
cial) 

7 

N-P-Ca 

NH.NO.,, 0.77 gm. + NH 4 H 2 P0„ 0.79 gm. 

+ 0a(N0 3 ) a -4H 2 Q, .1.01 gm. 

8 

N-P-Mg 

N and P (as above) + Mg(N0 3 ) 2 • 6H 2 0, 1.10 gm. 

9 

N-P-Na ' ' 

N and P (as above) -l-NaN0 3 , 0.74 gm. 

10 

N-P-K-Cl-SO, 

N and P (as above) + KC1, 0.32 gm. + K>S0 4 , 0.37 gm. 

11 

N-P-K-Ca 

NII.NO,, 0.42 gm. + NH 4 H 2 PO„ 0.79 gm. 



+ KNO s , 0.88 gm. + Ca(N0 3 ) 2 * 4H 2 0, 1.01 gm. 

12 

N-P-K-Mg 

N and P (as above) +KN0 3 , 0.88 gm. - 

+ Mg(N0 3 ) 2 • 6H 2 0, 1.10 gm. 

13 

N-P-K-Na ' 

N, P, and K (as above) + NaN0 3 , 0.74 gm. 

14 

N-P-Ca-Mg 

N and P (as above) + Ca(N0 3 ) 2 ■ 4H s O, l r 01 gm. 

+ Mg(N0 3 ) 2 * 6H 2 0, 1.10 gm. 

15 

N-P-Ca-Na 

N, P, and Ca (as above) + NaNO s , 0.74 gm. 

16 

N-P-Mg-Na 

N and P (as above + Mg (N0 3 ) 2 * 6H 2 0, 1.10 gm. 

+ NaN0 3 , 0.74 gm. 

17 

N-P-K-Ca-Mg 

NH 4 N0 3 , 0.08 gm. + NH 4 H 2 P0 4 , 0.79 gm. 

+ KN0 3 , 0.88 gm. + Ca(N0 3 ) 2 * 4H 2 0, 1.01 gm. 

+ Mg(N0 3 ) 2 * 6H 2 0, 1.10 gm. 

18 

N-P-K-Ca-Na 

N, P, K, and Ca (as above) +NaN0 3 , 0.74 gm. 

19 

N-P-K-Mg-Na 

N, P, and K (as above) + Mg (N0 3 ) 2 • 6H 2 0, 1.10 gm. 

+ NaN0 3 , 0.74 gm. 

20 

N-P-Ca-Mg-Na 

N and P (as above) + Ca(N0 3 ) 2 * 4HoO, 1.01 gm. 

+ Mg(N0 3 ) 2 * 0H 2 O, 1.10 gm. + NaN0 3 , 0.74 gm. 

21 

N-P-K-Ca-Mg- 

Na 

NH 4 N0 3 , 0.27 gm. + NaH 2 P0 4 • H 2 0, 0.94 gm. 

+ NaN0 3 , 0.15 gm. + Ca(NO s ) 2 • 4H 2 0, 1.01 gm. 
+ Mg(N0 3 ) 2 * 6H 2 0, 1.10 gm. + KN0 3 , 0.88 gm. 

22 

N-P-K-Ca-Mg- 

Na-Cl-C0 4 

NH 4 N0 3 , 0.62 gm. + KC1, 0.32 gm. 

+ K 2 S0 4 , 0.37 gm. + NaH 2 P0 4 • H 2 0, 0.94 gm. 

+ Ca(N0 3 ) 2 • 4H 2 0, 1.01 gm. 
+ Mg(N0 3 ) 2 • 6H 2 0, 1.10 gm. 

+ NaNO s , 0.15 gm. 
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as previously reported (4), is adversely affected by mixtures of equivalent 
weights of K, Ca, Mg, and Na. Therefore, the results obtained with beans 
probably cannot be extended to apply generally to all crops. 

Methods of evaluating the chemical analyses 

The growth, expressed in terms of dry weight, and the K 2 0, CaO, and 
MgO composition of the plants from all treatments except nos. 18, 19, and 
20 are found in tables II and III. The treatments are arranged from left to 
right in the order of their influence on the total dry weight of foliage pro- 
duced. All figures expressing the chemical composition are averages of 
duplicate determinations, made on duplicate samples in those cases where the 
material was sufficient to allow such a procedure. Determinations of nitro- 
gen and phosphorus were made also, but were not included in order to sim- 
plify the tabular material and because in most cases the results indicated that 
nitrogen and phosphorus determinations were of no significance. 

In discussing the absorption of the cations occurring in the plants ferti- 
lized with the different ionic combinations, as indicated by the figures in the 
tables, the percentage of the cation in the dried plant will be considered as 
a measure of the relative ability of the plant to utilize that material under the 
conditions of the experiment. The presence of a cation, expressed in terms 
of parts per million in the extracted sap of the stem of the freshly harvested 
plant, will be considered as reflecting the absorptive ability of the plant under 
each of the treatments, or as partially indicative of the availability of the 
cation to the plant. However, it also reflects the ability or inability of the 
plant to utilize the absorbed material when considered in relation to the total 
amount of a given cation that was absorbed. For example, a high content 
of a cation in p.p.m. in the stem sap may indicate rapid and unhindered 
absorption or may indicate an accumulation resulting from low total utiliza- 
tion. In turn, low total utilization may be considered as due to retarded 
growth or to the inability of the plant to build the particular cation into 
differentiated structures or substances. If the total utilization is not pro- 
portional to the growth made, the latter may be considered as the factor 
responsible for the low total utilization. From a comparative study of a 
cation in the plant in terms of percentage of the dry weight, p.p.m. in the 
stem sap, and total absorption per unit, it should be possible to determine 
whether or not the phenomena observed are due to the effect of the treat- 
ment on absorption, on utilization, or on both. 

Absorption of cations 

In order to identify and clarify some of the reasons for the differences 
in growth found (figs. 1, 2) resulting from the use of the N-P-K-Ca- 
Mg~Na treatment as compared with the N-P-K treatment, an outline is given 
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Soluble in a 2 per cent, acetic acid extract of the stems, and based on the fresli weight of the stem tissue. 
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in table II of the effects of each of the more significant combinations of the 
four cations on the K 2 0, CaO, and MgO contents of the plants. In this 
series of treatments the nitrogen and phosphorus applications remained con- 
stant and equivalent weights of each cation were used in making up the dif- 
ferent treatments. The first treatment (N-F-K) resulted in a larger accu- 
mulation of K 2 0 in the sap of the stems than was found in any of the other 
treatments. The addition of potassium had a more marked influence on 
potassium absorption than the addition of either calcium or magnesium had 
on their own absorptions. The potash content of the plant stem sap from 
the treatment in which potassium was the only cation used was 13,500 p.p.m. 
or over twice the amount found in the sap of plants in any other treatment. 
Probably this extremely large concentration of potassium was the factor that 
was responsible for the poor growth made with the N-F-K treatment. This 
amount of potassium probably was toxic, due to the fact that its presence in 
the plant sap in such a concentrated soluble proportion inhibited the absorp- 
tion or utilization of sufficient calcium and magnesium to permit normal 
growth. Calcium was less detrimental to growth and absorption than any of 
the other cations used singly with nitrogen and phosphorus. 

Of the six combinations of two cations, the K-Ca combination was most 
efficient in producing maximum growth and promoting maximum absorption 
of both potassium and calcium, but one of the least efficient in promoting the 
absorption of magnesium. The Ca-Mg treatment checked both absorption 
and utilization of potassium, as indicated by a low K 2 0 content in p.p.m. in 
the stem sap and by a low total potash absorption by the plant. The K-Na 
treatment resulted in a lower absorption and utilization of potassium than 
occurred in any of the other potassium treatments. In treatments numbered 
9, 16, and 15, in which sodium was present, a low potassium absorption and 
utilization were also found. The K-Na combination was also detrimental 
to magnesium absorption and utilization. The Mg-Na treatment was detri- 
mental to adequate absorption of potassium and magnesium and to the utili- 
zation of potassium and calcium. In this treatment the highest concentra- 
tion of magnesium (2.2 per cent.) was found in the plant, but the absorption 
rate as indicated by a concentration of 125 p.p.m. on the stem sap was checked 
by some external factor, probably a lack of antagonism between the mag- 
nesium and sodium ions (7). In the K-Mg combination the low absorption 
and utilization of calcium probably is most responsible for the resultant lack 
of growth, but the detrimental influence of potassium on magnesium absorp- 
tion as observed in the N-P-K treatment probably also existed. In the Ca-Na 
combinations the antagonistic effect of the sodium ion on the calcium ion 
resulted in a greater absorption of calcium, indicated by a concentration of 
2000 p.p.m. of CaO in the stems, and also in a greater utilization, indicated 
by a CaO content of 2.8 per cent, of the dry weight of the plant. However, 
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tlie detrimental influence of sodium on potassium absorption overshadows any 
beneficial effect of calcium on potassium absorption, and results in a low 
potassium absorption, which probably was the factor responsible for poor 
growth. The K-Ca combination was the best double cation combination used, 
because Ca did not exert a detrimental effect on potash absorption and over- 
came the detrimental effect of potassium on calcium absorption. The nutri- 
ent limiting growth in this treatment was probably magnesium. 

The addition of magnesium to the K-Ca combination increased mag- 
nesium absorption to a satisfactory degree and, because its detrimental in- 
fluence upon potassium and calcium absorption was held in check by the 
inclusion of these two ions, resulted in satisfactory growth. 

The addition of the sodium ion to the K-Ca-Mg combination necessitated 
the use of NaH 2l P0 4 * Ii 2 0 instead of NH 4 H 2 P0 4 in order that the nitrogen 
content could be maintained at a constant level for all treatments. The in- 
crease in growth produced with this combination over that produced with 
the K-Ca-Mg treatment was not associated with any beneficial effects on the 
absorption of potassium, calcium, or magnesium. As the phosphorus content 
was increased from 0.52 to 0.65 per cent, of the dry weight of the plant 
by including the sodium cation, increased phosphorus availability and 
utilization were probably responsible for the increased growth produced. 
Whether or not the sodium ion as such, or the form in which the phosphorus 
ion was used, was responsible for the increased phosphorus absorption, was 
not determined. However, in a previous work ( 4 ) sodium, when used in 
the same formulation with K-Ca-Mg, was very detrimental to the growth 
of potatoes. Hence it would seem, from a comparison of the behavior of 
potatoes and beans, that beans are the more tolerant of the sodium cation 
when it is associated with the other cations. 

Discussion of cation absorption 

In beans, the potassium cation, when added to the soil, produced such a 
dominant effect on potassium absorption that it was able to counteract the 
detrimental effect of any of the other cations on its absorption by the plant. 
However, neither the calcium nor the magnesium cations were able to exert 
such a dominant effect on their own absorptions when they were combined 
with other cations that tended to interfere with their own absorptions. 

The concentration of potassium in the stems of the plants indicated a high 
degree of negative correlation with growth. For example, treatments num- 
bered 5, 13, 12, 11, 17, and 21 had all received an equal quantity of potassium 
and the stem sap of the plants from these treatments ranged in p.p.m. of 
K 2 0 from 13,500, in the case of those exhibiting the poorest growth, down to 
4200 p.p.m., in the plants exhibiting the best growth. From these observed 
phenomena we may be safe in concluding that nothing interfered with potas- 
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sium utilization or absorption to any marked extent. Had this not been the 
ease, the concentration of K 2 0 in the sap would have dropped below the 
optimum with the increased utilization or lack of absorption of potassium by 
the plant, or, would have increased above that found at minimum growth. 

Sodium had a marked stimulating effect on calcium absorption, while 
potassium exerted little or no influence on calcium absorption and magnesium 
had a marked detrimental effect on the absorption of this cation. These 
influences were quite evident when the CaO content of the sap from treat- 
ments 7, 14, 15, 11, 17, and 21 were compared. In the Ca treatment 1800 
p.p.m. of CaO was found in the stem sap. However, when magnesium was 
added, the CaO content of the sap dropped to 400 p.p.m. although growth 
did not increase more than 10 per cent. When sodium was substituted for 
magnesium, the CaO content of the sap increased to 2000 p.p.m. under condi- 
tions in which the growth also increased over 50 per cent. However, as the 
CaO content of the sap from the plants of treatments 11, 17, and 21 showed 
some indication of negative correlation with growth, it is evident that potas- 
sium when applied in conjunction with calcium was able to minimize the 
negative influence of magnesium and the positive influence of sodium on 
calcium absorption. 

Potassium, calcium, or sodium had a greater influence on magnesium 
absorption by the plant when used in conjunction with magnesium than the 
magnesium cation had on its own absorption. Although magnesium was 
detrimental to the absorption of calcium, calcium facilitated magnesium 
absorption and utilization. This phenomenon may be partly responsible for 
the fact that dolomitic limestones are generally as efficient correctives for a 
condition of magnesium deficiency in the soil and plant as the more soluble 
magnesium salts (3). Both sodium and potassium prevented normal mag- 
nesium absorption and potassium interfered also with its utilization in the 
plant. These phenomena were evident when the magnesium contents of the 
plants in treatments 8, 14, 16, 12, 17, and 21 were compared. With mag- 
nesium alone, the MgO content of the stem sap was 650 p.p.m., but when 
calcium was added it increased to a probable toxic concentration of 1100 
p.p.m. even though a 25 per cent, increase in growth was made. The Ca-Mg 
combination was found to be toxic to the potato plant also (4), manifested 
by a purpling of the central portions of the leaf. However, when sodium 
was associated with magnesium, the MgO content of the sap fell to 125 p.p.m. 
This phenomenon probably was due to a lack of absorption brought about 
by a lack of antagonism. Miller (7) reports that an antagonistic influence 
between the sodium and magnesium ions has not been demonstrated. This 
phenomenon may be due in part, however, to the rapid utilization of mag- 
nesium. Again, when potassium was associated with magnesium, the MgO 
content of sap dropped to 200 p.p.m. However, when calcium was associated 
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with the K-Mg combination, its beneficial influence on absorption counter- 
acted the detrimental effect of potassium, and both normal absorption and 
normal utilization resulted. 

Effect of various anions on cation absorption 

Although the various cations exerted marked influences on growth, as 
indicated by a difference of 10.1 gm. in the dry weight produced per pot 
between the N-P-K and the N-P-K-C a-Mg-N a treatments, some of the 
anions were also of physiological significance, as shown by the analyses in 
table III. 

The use of nitrogen alone (treatment no. 2) did not depress calcium 
or magnesium absorption below that occurring under optimum growth con- 
ditions. However, a slight depression in potassium absorption and a large 
increase in nitrogen absorption (4540 p.p.m. of soluble N) as compared with 
a nitrogen absorption under optimum growth conditions of 830 p.p.m. indi- 
cated that the concentration of these two materials probably was responsible 
for the poor growth. Additions of either P0 4 or K to the N0 3 treatment 
depressed Mg absorption to a point where it became one of the growth-limit- 
ing factors. Potassium with nitrogen increased potash absorption to a 
concentration where it again probably caused the previously mentioned unbal- 
anced or toxic condition in the plant. In the unfertilized treatment a strik- 
ing increase in the absorption of calcium and magnesium over that of the 
previously discussed treatments occurred, but the absorption of potassium 
fell below that for the plants in the other treatments. Poor growth in the 
unfertilized pots probably was due chiefly to a lack of nitrogen as indicated 
by a concentration of 81 p.p.m. of soluble N in the sap of the stems. How- 
ever, it was observed in the N-K treatment that by the addition of nitrogen 
and potassium alone growth was depressed below that found when no fertil- 
izer was used, which would seem to indicate that any fertilizer applied must 
have a rather definite ionic balance. 

The commercial fertilizer treatment produced a larger amount of dry 
weight than any of the combinations of N, P, or K, but it was materially 
smaller than that produced with the N-P-K-C a-Mg-N a treatment (no. 
21). The absorption and utilization of both potassium and calcium ap- 
proximated that found in the N-P-K-C a-Mg-N a treated plants, but the 
decreased utilization of magnesium, as shown by a magnesia composition of 
1.2 per cent, as compared with 1.8 per cent, in the optimum treatment, indi- 
cated that some phenomenon was still hampering the normal functioning of 
the plant. 

After comparing the dry weight produced in treatment no. 21 with that 
of no. 22, it must be concluded that either or both chlorine and sulphate ions 
were partially responsible for the poor growth realized with a commercial 
fertilizer treatment containing large amounts of both of these ions. A toxic 
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or imbalanced anion condition resulting from the presence of Cl or S0 4 ions 
in treatment no. 22 is responsible for the difference in the growth produced 
between treatments 22 and 21, because the potassium, calcium, and mag- 
nesium utilization and absorption in both treatments were fairly comparable. 
In treatment 10 in which Cl and S0 4 ions were added to the N-P-K treat- 
ment, an increased growth was realized. The fact that both had considerably 
less total dry weight than the N-P-K-C a-Mg-N a treatment indicated that 
in this comparison some other factor or factors were more detrimental to 
growth than the presence in the soil of either Cl or S0 4 . In fact, the addi- 
tion of Cl and S0 4 ions to the N-P-K mixture caused a slight increase in 
plant growth, which indicated that these two ions are of value in partially 
counteracting a certain type of unbalance, but that after this condition is 
corrected by the addition of Ca, Mg, and Na ions, their own toxic influence 
becomes one of the factors limiting the growth of beans. 

Summary of the influence of various ions on cation 

ABSORPTION AND UTILIZATION 

The influences of most of the common ions included in a normal mixed 
fertilizer on the absorption and utilization of the three cations, potassium, 
calcium, and magnesium, by bean plants, are summarized in schematic form 
in table IV. In this summary the mean influence of the ions in all combina- 
tions, considered in relation to the optimum treatment N-P-K-Ca-Mg-Na, 

TABLE IV 

Summary of the influence of various jons on cation absorption and 

UTILIZATION BY BEANS - 


Ion 

no 3 

nh 4 

P0 4 

Cl 

so 4 

K 

Ca 

Mg 

Na 

K 2 0 absorption 

- 


0 

4* 4 4* 

0 

1 

- 

K 2 0 utilization 

- 

- 

t 


0 

- 

-- 

CaO absorption 

0 ' 

0 

0 

- 

4 + 


4 + 4 

CaO utilization 

0 

0 

0 

- 

44 

- 

4 4 

MgO absorption 

0 

- 

0 

— 

4 4 4 

0 

-- 

MgO utilization 


■ 

0 

r — 

4 

0 

4 ■ 


Key: very detrimental (probably resulting in a deficiency); — detrimental; 

- slightly detrimental ; 0 probably of no influence ; 4 slightly beneficial ; 4 4 beneficial ; 
4 4 4 extremely beneficial (probably resulting in a toxicity) . 


was used as a basis in estimating the effects listed. As mentioned earlier in 
the paper, 15.9 gm. of replaceable K 2 0, 2.8 gm. of replaceable CaO, and 1.25 
gm. of replaceable MgO per pot were found in the unfertilized soils. Some 
differences in the influence of each ion would probably be* observed under 
a different condition of base saturation. However, as the bean crop was the 
third and last of a series grown on this soil medium, very likely only small 
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portions of the total exchangeable cations were influencing actively the phe- 
nomena observed. This contention would seem to be substantiated by the 
fact that on the unfertilized soil 15.9 gm. of replaceable K 2 0 had no apparent 
detrimental influence on calcium and magnesium absorption, while the addi- 
tion of 0.40 gm. of K 2 0 in a soluble form had a most detrimental effect on 
the absorption of these two ions. 

General summary and conclusions 

1. The present trend in the fertilizer industry toward the elimination of 
sodium, chlorine, and sulphur, a reduction in the amount of calcium, and 
the inclusion of magnesium in increasing amounts, warranted a study of the 
effects of these materials on growth, cation absorption, and utilization. 

2. Gn a soil medium that in the past had received considerable fertilizer 
under field conditions, bean plants without additional fertilizers were able to 
absorb sufficient calcium and magnesium- but did not make a normal growth, 
probably because of a lack of nitrogen, phosphorus, and potash. 

3. When an N-P-K mixture was added to the above mentioned unfertil- 
ized soil the intake of magnesium and calcium was depressed to such an extent 
that they became two of the limiting factors to optimum growth. 

4. The addition of the potassium cation to a soil stimulated the potash 
absorption by bean plants to a greater extent than the addition of calcium 
or magnesium cations stimulated their absorptions by the plant. None of 
the other cations employed had any very pronounced beneficial or detrimental 
influence on potassium absorption when the potassium ion was included in 
the fertilizer treatment. However, the addition of potassium when combined 
with magnesium materially reduced the absorption of both calcium and 
magnesium, and when combined with calcium reduced magnesium absorp- 
tion. It did not effect an increased absorption of any other ion. 

5. The addition of calcium to a soil not only increased calcium absorption, 
but in all cases facilitated a large magnesium absorption, and in some cases 
was slightly beneficial to potassium absorption. 

6. The absorption of the magnesium cation by bean plants was the most 
difficult phenomenon to control, because the addition of the magnesium cation 
to a soil had less influence than that of any of the other cations used on mag- 
nesium absorption. 

7. The sodium ion had a beneficial effect on calcium absorption and utiliza- 
tion, and was beneficial to magnesium utilization, but in most cases was 
slightly detrimental to the absorption of potassium and extremely detrimental 
to the absorption of magnesium. 

8. The only method of obtaining an adequate absorption of all three 
cations was to include them in the fertilizer mixture. Under these conditions 
the addition of the sodium ion to this combination was not detrimental to the 
growth of beans and possibly was of some direct benefit. 

9. The anions NO ? „ P0 4 , Cl, and S0 4 had no detrimental influence on 
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calcium intake and utilization, but the NO s and P0 4 anions bad a slight detri- 
mental effect on potassium absorption and probably a slight detrimental effect 
on magnesium utilization. 

10. The use of rapid chemical methods in analyzing the sap of plant stems 
was found to be of value in determining whether deficiencies of the cations 
were due to a lack of absorption or to a lack of utilization by the plant. 

11. From this work it may be concluded that if plants showing poor 
growth have a higher content of a given nutrient (as determined by p.p.m. 
in stem sap) than similar plants showing a superior growth, something is 
interfering with the proper utilization of that nutrient after its absorption 
by the plant. This is the situation in the potassium series. However, if the 
plant sap of plants of superior growth has a higher content of a given nutrient 
than that of plants showing poor growth, the cause is likely to be lack of 
ability to absorb this nutrient in the case of the stunted plants. This occurs 
in the magnesium series. Failure to absorb may be due to a deficiency of the 
nutrient in an available state, or to some absorption phenomenon such as lack 
of antagonism. 

12. The results in these tests should not be construed as applying to all 
plants, as work not far enough advanced to report at this time has indicated 
that other plants do not respond in a manner similar to that herein reported 
for beans. 

Virginia Truck Experiment Station 
Norfolk, Virginia 
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CHEMICAL AND SPECTROSCOPIC ANALYSIS OP PHLOEM 
EXUDATE AND PARENCHYMA SAP FROM 
SEVERAL SPECIES OF PLANTS 

Carleton A. Moose 
(with three figures) 

Introduction 

A problem which has occupied the attention of botanists for many years 
is that of the transport of organic and inorganic substances in plants par- 
ticularly with respect to the tissues active in translocation. Since there is 
still some doubt concerning the transport of inorganic constituents in the 
phloem, it would seem desirable in this connection to make an analysis of 
phloem exudate to see what materials may be present therein. The exudate 
used in these analyses is probably restricted to phloem tissues alone as 
methods of collection were used which have been employed by previous 
investigators (Hartig, T2, Munch, 20, and Crafts, 3). James and Baker 
(15), in working with maple claim that the sap exuded did not come 
from the phloem alone but also from the living cells particularly of the cam- 
bial zone. Their work, however, was done in England during the winter 
months when the cambial activity must have been slight. Grossenbacher 
(10), Eames and MacDaniels (7) and other investigators have abundant 
evidence to indicate that the maximum cambial activity occurs at the time 
of elongation of the shoots which is in the early part of the summer for the 
species included in this study. Hence the chance of exudation from the 
cambium along with the phloem exudation is slight, since the exudate for 
the present study was collected during the months of August and September. 
In this connection Priestley (23) reports that if the bark is stripped from 
the new wood in May or June and a cut made across the differentiating 
tissues of soft wood, a fine spray of liquid spurts several inches from the cut 
while a similar cut in hard wood results in a gentle oozing with no spray. 
These observations tend to support the idea that exudation is not limited to 
the phloem alone during the active growing season. They do not indicate, 
however, that the exudate later in the season should be from tissues other 
than the phloem. 

Pfeiffer (22) has made determinations on the osmotic concentrations of 
sieve tube sap of Quercus rubra by a cryoscopic method and finds a range 
of values from 15.0 atm. in August to 21.1 atm. in November. Munch (20) 
gives values for osmotic pressure of sieve tube sap of Quercus rubra varying 
from 20.9 atm. to 23.7 atm. and values from 25.8 atm. to 34.3 atm. for sieve 
tube sap of Robinia pseudo-acacia. 

Kraus (16) and Zacharias (26) have made some qualitative tests on the 
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sieve tube sap of Cucurbita pepo. A quantitative analysis of phloem 
exudate has not been made, however, previous to this work probably because 
of the difficulties attendant upon collection of sufficient quantities of the 
exudate to permit an analysis by methods other than microehemical or spec- 
troscopic. It has been the purpose of this work to analyze quantitatively 
the phloem exudate and parenchyma sap with respect to the following : pH, 
total sugars, reducing sugars, calcium, magnesium, potassium, lithium, nitrate 
nitrogen, and total nitrogen, and to make a qualitative spectroscopic analysis 
for any other inorganic elements that might be present in the sample. The 
species studied were Fraxinus americana, Fraxinus pennsylvanica var. 
lanceolata, Plat amts occidental^, Eobinia pseudo-acacia, and Cucurbita 
maxima. Quantitative spectroscopic methods of analysis which will be 
described later were used wherever possible because of their efficacy in 
dealing with small amounts of material. 

The method of collecting the phloem exudate in the woody plants is one 
that has been used by Munch (20). A slit in the trunk about two inches 
long at an angle of about 45° with the horizontal made with a sharp knife 
was found to yield the best exudation. The cut was made into the active 
phloem tissues from which would exude amounts of sap varying from a few 
drops to 2 or 3 cc. depending upon the species and the length of the cut. As 
the drops of liquid appeared, usually near the base of the cut, they were 
picked up with a glass capillary tube fitted with a small rubber bulb and 
transferred immediately to hard glass phials which contained a few cc. of 
toluene as a preservative. Several cuts were made at a time and the amount 
usually collected after two or three hours was about 10 cc. 

The time of day seemed to be a factor in governing the amount of flow, 
the largest quantities being obtained in the afternoon. Bright sunny days 
usually gave better results than cloudy cold ones, although on a few occasions 
the flow from Eobinia pseitdo-acacia was good on cloudy days. On days 
when the transpiration stream was rapid a cut deep enough to penetrate to 
the xylem tissue would result in the exudate being sucked into the transpira- 
tion stream often with an audible sucking sound. 

Hartig (12) and Munch (20) report that a second cut within from one 
to five meters below, and for a shorter distance above, an original cut would 
yield no flow. However, in both species of Fraxinus, and in Platanus occi- 
dentalis the presence of a second cut either above or below the first cut did 
not appreciably affect the flow from the first cut unless the second cut was 
within 5 or 6 cm. on either side of the first. The flow from the second cut 
would then be as good as that from the first. The second cut would give a 
poor flow when too close to a cut above, and a second cut would diminish the 
flow from the first cut when too close above the first. A distance of 10 or 12 
cm., however, seemed to make no difference except in Eobinia pseudo-acacia 
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where a second cut would yield no flow unless displaced laterally with respect 
to the first. In this species a second cut even 1 or 2 meters directly above or 
below a first cut would yield no flow. 

In the case of Cucurbita maxima the method of collection of phloem 
exudate was that used by Crafts (3). The plants were grown in the green- 
house, and when the fruits had developed to a length of about 8 or 10 cm. 
they were cut from the vine leaving about 2.5 cm.- of peduncle attached to 
the fruit. A drop of crystal clear exudate coming from the phloem proper 
and from the ectocyelic and entocyelie sieve tubes which are in the position 
of a latex system would appear on this cut end of the peduncle. This was 
allowed to drop into a small porcelain crucible containing a few cc. of 
toluene. About two drops of exudate would be obtained before the flow 
stopped, but the flow could be started again by cutting a short section from 
the end of the peduncle. This process could be repeated until the peduncle 
had been cut back to the fruit and a total of about ten drops of exudate 
obtained. Fifteen or twenty fruits would give a sample sufficient for several 
of the analyses. 

The parenchyma sap was obtained by freezing, at -15° C., leaf tissue 
contained in large test tubes in an alcohol bath cooled by a G. E. cooling unit, 
and then pressing out the sap by means of an hydraulic press. Pressures 
of 10,000 pounds per square inch were used, and the tissue was subjected to 
this pressure for five minutes. Samples of the sap were kept in the refrig- 
erator until ready for use. 

Analytical methods 

The pH values of all samples were obtained immediately after collection 
by use of the quinhydrone electrode method described in Leeds-Northrup 
Co., Bulletin no. 3. 

The sugar analyses were made as soon after collection as convenient, in 
order to minimize the error due to chemical changes. All samples were 
shaken well with toluene and kept in the refrigerator until analysis was 
begun. The toluene prevented any changes due to the growth of organisms 
but had no effect on any enzymes which might have been present in the 
exudate. It is not certainly known that any enzymes were present. The 
modified Shaffer (24) method of sugar analysis was used since the colori- 
metric determination of the Cu 2 0 is very accurate when small quantities of 
material must be used. 

The modification of the spectroscopic method for the determination of 
potassium as developed by Hicks (13) will be described in some detail. The 
absence of sensitive arc lines of potassium when small amounts of the element 
are involved prevents the use of the arc and spectrograph in quantitative 
analyses for this element ; but there is a line in the flame spectrum of potas- 
sium (wave length . 7669 A.) which is extremely sensitive and which shows 
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up when the element is present in small quantities. The duration of this 
line when potassium is introduced into the flame is proportional within 
limits to the amount of the element present in the flame. The duration of 
the line is measured by direct visual observation, the observer starting a stop 
watch upon appearance of the line and stopping the watch upon the line’s dis- 
appearance. The line flashes into view suddenly and fades out as rapidly so 
that the timing can be accurate to within 0.1 second. The spectrometer 
used was the ordinary three arm type described by Baly (1). The Bunsen 
flame of illuminating gas was standardized as far as possible as to position 
with respect to the slit of the instrument, height, and mixture. The sub- 
stance was introduced into the flame in the following manner. A platinum 
wire was coiled into a small spiral of five turns, 2 mm. in diameter, in such 
a way that the turns of wire were not in contact in any part of the coil. This 
coil, once wound, was not disturbed in shape or size during the entire series 
of tests, and when it was dipped into a liquid it would always pick up and 
hold the same size drop thus assuring the same amount of a given concentra- 
tion of material in the flame each time an observation was made. After the 
platinum wire was dipped into the solution it was held near another flame 
until the liquid had evaporated leaving only a solid incrustation on the wire 
which was then introduced into the flame and observed. This evaporation 
prevented loss of material due to spattering, which would result if a drop of 
liquid were suddenly thrust into the Bunsen flame. 

Standard solutions of potassium chlorate 1 containing potassium in 
amounts of 0.32, 0.64, 0.96, 1.28 mg./cc. were made from recrystallized salt 
(Baker’s analyzed chemicals). The duration of the 7669 A. line was 
observed for each of these concentrations, the average time of ten observa- 
tions in each case being taken as the final result. 

TABLE I 

Delation between concentration of solution and duration of the 
POTASSIUM LINE 7669 A. 


Time 

Concentration of 
potassium 

* sec . 

mg/ce 

2.00 

0.16 

2.40 

0.32 

2.60 

0.48 

2.80 

0.64 

3.00 

0.80 

3.30 

0.96 

3.72 

1.28 


* It was later learned that the use of perchloric acid would have given more accurate 
results, with potassium chloride rather than potassium chlorate taken as standard. 
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Table I shows the results of such a series of observations and figure 1 
shows the curve of concentration of solution plotted against duration of line. 

It is necessary now to observe the duration of line 7669 A. for the various 
samples of exudate and sap and from the observed times read from the curve 
the corresponding values of the concentration of potassium. Because the 
presence of sugars and other organic materials in the exudate prevented the 



Fig. 1 . Relation between concentration of solution and duration of potassium line 
7669 A. 

use of the material directly, a known volume of the exudate was evaporated 
to dryness and ashed in a muffle furnace at a temperature not exceeding 
450° C. The temperature was kept comparatively low in order to prevent 
any loss of the calcium, magnesium or potassium compounds during the 
ashing process. The ash was dissolved in hydrochloric acid 2 and brought 
2 See footnote p. 368. 
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back to the original volume with distilled water. This solution was then 
given five tests and the average time for the five taken as final. Since these 
values seldom varied by more than 0.2 sec., five observations were considered 
sufficient. The corresponding concentrations for each sample were recorded. 
During a series of observations on unknowns the system was checked from 
time to time by making observations on one or more known concentrations, 
and at the beginning of a new series of observations at a later date the system 
was brought up to the same standards or a new series of standards was set up. 

The method of analysis for lithium was carried out in the same manner, 
the wave length of the line observed being 6709 A. Curves of time vs. con- 
centration were drawn and the concentrations read quantitatively wherever 
possible. Since the amounts of lithium were very minute in all species 
except Flat anus occidental is the analysis is really quantitative for that species 
only. 

The spectroscopic method used for calcium and magnesium has been 
described by several workers, namely, Lewis (18), Gerlach (9), Smith 
(25), and Hoag (14). The spectrograph (Bausch and Lomb Optical Co., 
Rochester, N. Y.) was equipped with a quartz optical system of the very 
best type and a photographic plate holder for taking 4" x 10" spectrograms. 

Electrodes of graphite (Acheson Graphite Co., Niagara Falls, N. Y.) 
were employed. These were arced for 30 seconds before using in order to 
burn out any impurities, particularly the calcium and magnesium present. 

There are many lines present in the are spectrum of calcium and mag- 
nesium when these elements are present in the arc in fairly large amounts. 
The intensity of these lines depends upon the length of exposure, the power 
used by the are, the characteristics of the instrument, the characteristics 
of the plate, and the time of development. However, as the concentration 
of these elements in the arc is decreased, the number of lines visible when 
other factors are held as constant as possible decreases until only the so called 
“raies ultimes” or ultimate lines (deGramont, 5) are present. These ulti- 
mate lines become less and less intense as the concentration of the substance 
in the arc decreases, the less sensitive lines fading out completely and the 
more sensitive lines remaining as the dilution is carried still further. Finally 
a point is reached at which the last of the lines fail to show in the spectro- 
gram, and the presence of the element can no longer be detected at this or 
lower concentrations’. 

In order to make this method quantitative it is necessary to make spectro- 
grams of known concentrations of the element in question, of the same order 
of magnitude as in the unknown, and to standardize the intensities of certain 
lines with respect to concentration. Two methods of procedure may be fol- 
lowed in this respect. In the first, the intensities of the spectral lines are 
measured as a function of the density of the line on the photographic plate 
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by a Moll (19) recording microphotometer. This instrument provides a 
beam of light supplied by a bulb maintained at constant voltage which is 
focused on the line on the plate. The light transmitted by the line passes 
through a slit and falls upon a thermopile which is connected to a sensitive 
galvanometer, the mirror of which throws a light beam on a scale. The 



Pig. 2. Relation between concentration and density of magnesium line 2802 A. 

density of the line in question is taken by definition to be the log 10 of the ratio 
of the light incident upon the line to the light transmitted by the line. This 
ratio is obtained by taking a reading of the galvanometer with the light 
shining through the clear plate on either side of the line, which gives the 
maximum amount of light transmitted by the plate (M. T.). A reading is 
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taken with the light shut off to find the point of maximum blackness (M. B.). 
The plate is then moved into position so that the light shines directly through 
the line in question and the reading of the galvanometer is again taken (P.), 

M. T. -M. B. 

The ratio is then expressed as log 10 p ^ an( ^ ^» ure ? 

show the relation existing between concentration of element in the arc and 
density of the line produced. 

TABLE II 

Relation between concentration and density of magnesium line 2802 A. 


Concentration of magnesium 

Density 

_ M.T-M.B. 

Logl ° P.-M.B. 

mg/cc 


0.128 

1.0133 

0.884 

1.2263 

0.640 

1.4523 


Duplicate spectrograms of three different known concentrations are made 
on each plate along with duplicate exposures of seven samples of the material 
to be analyzed. The curve is drawn and the unknown concentrations are 
read from it. 

The second method of determining the concentration of the solution in 
the arc consists of observing visually the concentrations at which certain 
lines are just visible and making comparison between the known concentra- 
tions and the unknowns. This is a good way to check the photometer 
method, but is not reliable enough to be employed as the sole method except 
when used by one long accustomed to such work. In this work all plates 
were read on the microphotometer and checked by the second method as well. 

The substance to be analyzed was introduced into the are in the following 
manner. A drop (volume 0.02 ec.) of the solution of the ash was placed on 
the hollowed out top of the lower electrode while it was still warm from the 
current which had burned out the impurities. The drop evaporated leaving 
a solid incrustation on the electrode always of the same quantity of material 
provided the concentration was kept constant. The arc was struck. The 
exposures were ten seconds in length, and the current was maintained at ten 
amperes from a 110 volt, D. C. line. Fresh electrodes were then introduced 
into the arc and other exposures made. 

In order to rule out as far as possible errors resulting from plate differ- 
ences and development, a series of known concentrations were run for each 
plate of unknowns and the concentrations of the unknowns read from the 
curve drawn for each individual plate. 
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Table III and figure 3 show the relation between concentration and density 
of line for calcium (wave length 3968 A.), 

TABLE III 

Relation between concentration and density of calcium line 3968 A 


Concentration of calcium 

Density 

T M. T.-M.B. 

L0gl ° P.-M.B. 

mg/cc 


0.18 

1.0133 

0.54 

1.1139 

0.90 

1.2180 


The accuracy of the spectroscopic method of analysis for calcium, mag- 
nesium, and potassium was cheeked by ordinary analytical methods recom- 
mended by “Official Methods” (1930). The spectroscopic analyses for 
calcium and magnesium were found to vary by not more than 5 per cent, 
and for potassium by not more than 8 to 10 per cent. 

Because the elements boron, copper, manganese, and strontium did not 
show up on the plates when the solutions of the ash were arced at their 
natural concentrations samples of material were ashed and then made up to 
much smaller volumes of solution of ash which concentrated the material 
to such an extent that qualitative analyses could be made for any of the rarer 
constituents. 

The Gunning method modified to include the nitrogen of nitrates (21) 
gave the results on total nitrogen, and the nitrate nitrogen determination was 
made by a modification by Frear (8) , for use with plant juice, of the phenol- 
disulphonic acid method of Harper (11). 

Identical methods were used for the treatment and analysis of the paren- 
chyma sap which was collected during June of the following year. It was 
thought desirable to make these analyses on parenchyma sap in order to com- 
pare its composition with that of the phloem exudate from the identical trees. 

Results 

Table IV shows the results of analyses of phloem exudate of seven trees 
of F. americana. It is noted that the pH value is considerably higher than 
the pH of the parenchyma sap as shown in table VII. Appreciable amounts 
of calcium, magnesium, and potassium are present in all cases while a trace 
of lithium is noted. The amount of reducing sugar is much smaller than 
sucrose except in no. 5, and the large quantities of sucrose present should be 
noted. Sufficient exudate was obtained in two eases only for the nitrogen 
determination. The amount of total nitrogen present is much greater than 
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Fig, 3. Relation between concentration and density of calcium line 3968 A. 

the total nitrogen in the phloem exudate of any other species studied. Also 
there is an appreciable amount of nitrate nitrogen present. 

Results in table V show that the phloem exudate of the two species 
included in it have rather high pH values, appreciable amounts of calcium, 
magnesium, and potassium, and a trace of lithium. The reducing sugars 
are consistently low, but the sucrose is exceptionally high, particularly in 
Bobinia pseudo-acacia. Nitrate nitrogen also is present. 

It is evident from table VI that the phloem exudate of Platanus occiden- 
tals has larger amounts of lithium than any of the other species studied, 
and that the amount of reducing sugar is greatly increased in absolute 
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TABLE IY 

Phloem exudate analysis of Fraxinus americana 


Date 



Sept. 2 

Sept. 20 

Sept. 10 

Aug. 1 

Aug. 1 

. Aug. 5 

Aug. 15 

Aug. 15 

Tree no. 

1 

2 

3 

4 

5 

6 

7 

Ay. 

pH 

7.15 

7.07 

7.30 

7.05 

7.20 

7.49 

7.25 

7.22 

Ca mg/co 

1.18 

1.09 

1.04 

0.55 

0.76 

0.86 

0.34 

0.83 

Mg mg/cc 

0.53 

0.21 

0.44 

0.18 

0.32 

0.36 

0.24 

0.33 

K mg/cc 

0.99 

0.45 

0.64 1 

1.20 

1.02 

0.58 

1.12 

0.86 

Hi mg/cc 
Beducing 

Trace 

Trace 

Trace 

Trace 

Trace 

Trace 

Trace 

Trace 

SUGARS 

11.12 

Trace 

0.84 

0.22 

30.18 

2.64 

1.98 

7.83 

mg/cc 

Sucrose 

mg/cc 

Total 

72.64 

70.54 

77.40 

102.18 

65.46 

93.71 

86.45 

81.20 

sugars 

83.76 

70.55 

78.24 

102.4 

98.64 

96.35 

88.43 

88.34 

mg/cc 

Nitrate 









NITROGEN 


0.11 

0.095 





0.103 

mg/cc 

Total 









NITROGEN 

mg/cc 


2.45 

3.64 





3.05 


TABLE Y 

Phloem exudate analysis 



Fraxinus pennsylvanica 
var. lanceolata 

Robinia pseudo-acacia 


Date 

Date 


Sept. 1 

Aug. 20 

Sept. 1 

Sept. 15 

Aug. 5 

Aug. 5 

Tree no. 

1 

2 

1 

2 

3 

4 

pH 

7.58 

7.20 

. 7.4 

7.36 

7.23 

7.25 

Ca mg/cc 

1.04 

1.33 

0.90 

0.44 

0.72 

0.72 

Mg mg/cc 

0.61 

0.21 

0.38 

0.15 

0.39 

0.38 

K mg/cc 

0.37 

0.58 

1.14 

1.21 

0.90 

0.95 

Li mg/cc 
Beducing 

Trace 

Trace 

Trace 

Trace 

Trace 

Trace 

sugars 







mg/cc 

Sucrose 

3.41 

3.81 

2.08 

4.78 


0.51 

mg/cc 

Total 

107.99 

118.09 

177,82 

147.94 


199.94 

sugars 

mg/cc 

111.4 

121.9 

179.9 

152.72 


200.45 

Nitrate 







NITROGEN 







mg/cc 

Total 

0.12 





0.135 

NITROGEN 







mg/cc 

0.49 





0.56 
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TABLE VI 
Phloem exudate analysis 



Platanus occidentalis 

Cucurbit a maxima 


Bate 

Bate 


Sept. 20 

Aug . 30 

Aug . 30 

Sept . 10 

Feb. 1 

Feb. 

Tree no. 

1 

2 

3 

4 

1 j 

2 

pH 

7.35 

7.31 

7.28 

7.31 

8.1 

8.0 

Ga mg/cc 

1.26 

1.26 

0.76 

0.84 

0.18 

0.07 

Mgr mg/cc 

0.66 

0.24 

0.28 

0.19 

0.06 

0.10 

K mg/cc 

0.96 

0.80 

0.90 

0.90 

0.24 

0.20 

Li mg/cc 
Reducing 

0.08 

0.04 

0.08 

0.158 

None 

None 

SUGARS 

mg/cc 

86.4 

67.3 


56.5 

4.83 

2.07 

Sucrose 







mg/cc 

Total 

1.90 

40.3 


48.4 

2.83 

3.33 

sugars 



■ 




mg/cc 

Nitrate 

88.30 

107.6 

' 

104.9 

7.66 

5.4 

NITROGEN 

mg/cc 

0.203 






Total 







NITROGEN 

mg/cc 

0.28 







amounts and also in ratio to the total sugars. This increase in reducing 
sugar may be due in part to the change of sucrose to reducing sugar during 
the interval between collection of the exudate and analysis. The use of 
toluene as a preservative, while preventing the growth of organisms in the 
exudate, would not hinder the action of any enzymes which might cause 
inversion of the sucrose. The high pH of Gucurbita maxima, and the lower 
concentrations of all its solutes are noted. Insufficient samples were 
obtained to allow for nitrogen determinations. 

In order to make comparisons between phloem exudate and parenchyma 
sap from the same plants, similar analyses were carried out for the samples 
of parenchyma sap collected as described previously. Results of these 
analyses are included in table VII and show low pH values of parenchyma 
sap for all species studied with respect to the pH of the phloem exudate. In 
general the concentrations of calcium, magnesium, potassium, lithium, and 
total and nitrate nitrogen are about the same in parenchyma sap as in phloem 
exudate. Whether or not leaf sap and phloem exudate would have been 
more similar or more divergent if taken at the same time cannot be deter- 
mined from these data. The amounts of reducing sugars are in excess of 
the sucrose in all cases while the total sugar concentration is much less than 
that of the phloem exudate. 
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TABLE YII 
Parenchyma sap analysis 



Fraxinus 

americana 

Fraxinus 
Pennsylvania 
var. lanceolata 

Bobinia 

pseudo- 

acacia 

Flatanus 

occiden- 

talis 

Cucur- 

bita 

maxima 





Bate 





June 5 

June 5 

June 5 

June 5 

June 5 

June 5 

June 5 

Tree no. 

2 

3 

1 

2 

1 

2 


pH 

5.63 

5.70 

5.44 

5.80 

6.82 

4.93 

6.11 

Ca mg/cc 

0.72 

1.08 

1.08 

0.72 

0.90 

1.19 

0.54 

Mg mg/cc 

0.38 

0.64 

0.58 

0.32 

0.32 

0.69 

0.12 

K mg/cc 

0.86 

1.03 

0.93 

0.64 

1.07 

0.74 

0.69 

Li mg/cc 
Reducing 

SUGARS 

Trace 

Trace 

Trace 

Trace 

Trace 

Trace 

Trace 

mg/cc 

Sucrose 

13.66 

12.07 

12.01 

6.36 

3.1 

10.26 

3.50 

mg/cc 

Total 

sugars 

2.20 

1.87 

7.18 

4.06 

1.68 

5.45 

1.33 

mg/cc 

Nitrate 

NITROGEN 

15.86 

13.94 

19.19 

10.42 

4.78 

15.71 

4.83 

mg/cc 

Total 

NITROGEN 

0.045 

0.045 

0.087 

0.077 

0.104 

0.098 

0.075 

mg/cc 

0.070 

0.056 

! 

0.28 

0.112 

0.14 

0.14 

0.84 


Qualitative spectroscopic analyses of concentrated solutions of the ash of 
both phloem exudate and parenchyma sap indicate the presence of barium, 
boron, copper, manganese, and strontium in varying undetermined amounts 
in all cases. 

Discussion 

It has been generally accepted for some time that organic materials are 
transported through the phloem tissues of plants. The presence of large 
amounts of organic materials such as sugars, which may reach values as high 
as 20 per cent, of the exudate, and nitrogenous compounds in the phloem 
exudate of several species tends to support this idea of transport of organic 
materials through the phloem. There has not been the same unanimity of 
agreement with respect to the transport of inorganic materials. The major- 
ity of investigators claim that inorganic materials are carried upward pri- 
marily through the xylem. Curtis (4) however has presented irrefutable 
data that inorganic as well as organic materials may be transported through 
the phloem tissues. The presence in the phloem exudate of such inorganic 
constituents as calcium, magnesium, potassium, and nitrate nitrogen in 
amounts appreciably greater than in the parenchyma sap, as well as the 
presence of small quantities of barium, boron, copper, manganese, and 
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strontium lends support to the idea of transport of inorganic materials 
through the phloem tissues. The absence of an element from the phloem 
would indicate that it was not transported there while the presence of an 
element in the phloem exudate would offer presumptive but not conclusive 
evidence of its transport through those tissues. 

An interesting observation was made in connection with the flow of the 
exudate. Collection was begun about August 1st and the flow was good 
until the first week in October just before the leaves began to change color 
and fall. The following spring no flow from the phloem tissues could be 
obtained until about June 15 at which time it was very meager. By July 15 
the flow was approximately equal in volume to the flow in late summer of the 
previous year. The fact that the flow was very slight during the spring 
and early part of the summer when the cambium is most active lends support 
to the idea that the exudate was almost wholly limited to the phloem. 

It was noted that the total sugar concentration of Fraxinus americana 
decreased as the samples were taken later in August and in September. 

Mention has been made of the effect of the proximity of a second cut on 
the flow from a previous cut. 

Summary 

1. The pH value of phloem exudate was found to range between 7.05 
and 8.10 while that of parenchyma sap ranged between 4.93 and 6.82. 

2. Calcium, magnesium, potassium, and lithium were found to be present 
in the phloem exudate sometime in amounts greater than in the parenchyma 
sap. 

3. The amount of reducing sugar in the phloem exudate is much less than 
the amount of sucrose except in the case of Platanus occidentals , and the 
reducing sugar here may have resulted from hydrolysis of sucrose after 
collection. 

4. The total sugar concentration of phloem exudate is much greater than 
that of the parenchyma sap and may reach 20 per cent, of the exudate. 

5. In parenchyma sap the amount of reducing sugar present exceeds the 
amount of sucrose. 

6. Total nitrogen, and nitrate nitrogen concentrations of phloem exudate 
exceed those of parenchyma sap. 

7. Barium, boron, copper, manganese, and strontium are present in both 
the phloem exudate and parenchyma sap. 

8. The presence of appreciable amounts of inorganic constituents in the 
phloem exudate is presumptive evidence that inorganic as well as organic 
materials are transported through the phloem. 

The author wishes to thank Professor 0. F. Curtis for his kindly direction 
and supervision of this work. 

Cornell University 
Ithaca, New York 
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CARBOHYDRATE METABOLISM OF Y1TIB VINIFEBA: 
HEMICELLULOSE 

A. J. Winkler and W. 0. Williams 

Literature 

A review of plant science textbooks reveals the general opinion that hemi- 
eellulose often functions as a reserve food. This viewpoint has probably 
arisen from consideration of the early findings of Sachs (36), Reiss (34), 
and Schulze (37) that hemiceHulose appears to be a major food in certain 
seeds. 

The more recent studies on the composition of hemicellulose have led to 
other theories as to its physiological function besides those of reserve food 
and structural reinforcement. 0 ’Dwyer (31 ) has suggested that since hemi- 
cellulose is closely related to pectins it serves as an intermediary form in a 
synthesis of lignin from pectie compounds. The support for this theory is 
founded on the supposed decrease of pectin during the period of tissue matu- 
ration and on the apparently successful attempts to convert pectins to hemi- 
celluloses by mild alkaline hydrolysis (5), by hydrolysis with water under 
pressure (21), and by mild oxidation (28). The last reaction is presumably 
analogous to conversion in situ in the plant. Although it has been possible to 
demonstrate the transformation of pectin into hemicellulose, there is no 
support for the further transformation of hemicellulose into lignin (32), 
Since the structure of lignin has not been established, the theory of the trans- 
formation of hemicellulose into lignin must be considered as speculative. 
Kerr and Bailey (17) in their mierochemical investigations of the cell wall, 
moreover, found no reason to believe that pectins disappear with cell matura- 
tion. A number of investigators have isolated a small amount of pectin 
substances from mature wood. The apparent percentage decrease in pectin 
accompanying maturation appears to be the result of an increasing propor- 
tion of other constituents. Difficulties of extraction engendered by mechani- 
cal protection or perhaps by a physico-chemical union afforded by the later 
deposits may possibly have decreased the analytical yield of pectin. Hence 
positive evidence that the absolute amount of pectin decreases is lacking. 

Large variations of any of the constituents, notably that of the labile 
carbohydrate reserves, cause an inverse change in the percentage of other 
components. This is illustrated by the hemicellulose content of the fruit of 
the apple (13, 24), the peach (27), and the pear (22). In each case with 
maturation a decreasing hemicellulose content was found on a percentage 
basis which led to the opinion that hemicellulose is utilized as % reserve food 
in the development of the fruit. "Where the hemicellulose content has been 
expressed on a single fruit basis, however, there is a steady increase in the 
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absolute amount of bemicellulose in the fruit during growth and ripening, as 
Widdowson (42) has demonstrated for the apple, and Smith (38) for the 
Kieffer pear. In other words, hemicellulose deposition has only slowed down 
in respect to the rate of deposition of other substances in the fruit. Working 
with flowers and young fruits of the apple, Howlett’s (14) data show no 
such rapid reversible changes of hemicellulose to sugars as Murneek (24) 
found. Widdowson ’s data seem to show a slight decrease in the absolute 
amount of hemicellulose as the fruit becomes overripe, but this might be the 
result of tissue disintegration which in all probability has no connection with 
the utilization of hemicellulose as a reserve. Buston (4), studying the pods 
of ripening peas and beans, found a decrease in the hemicellulose content on 
a percentage basis but the data for hemicellulose in grams per hundred pods 
showed a steady increase. 

Sufficient care has not always been taken to formulate an adequate con- 
ception of a reserve food. Gardner, Bradford, and Hooker (12) state, 
“The seasonal variation in the carbohydrate of plants gives evidence of 
storage. ” It seems necessary to make the f urther limitation that fluctuations 
which do not clearly result from conversion to other forms (such as starch to 
sugar in early winter) should correlate with conditions of vegetative activity 
which lead to utilization or storage of reserves. A large percentage utiliza- 
tion under extreme carbohydrate depletion should also be observable. In 
this latter connection the variability in composition of the hemicellulose 
extract may raise the question as to whether or not we are dealing with the 
extraction of a homogeneous fraction or with the simultaneous extraction of 
several fractions of hemicellulose. Kecent studies of hemicellulose by 
O’Dwyer (30), Norris and Preece (29), and Ehrlich (11) have indicated 
its varying composition — the hydrolysis products yielding hexose and pentose 
sugars together with a quantity of uronic acid. One such constituent or 
group of constituents may serve a structural function ; the other, perhaps 
a minor fraction, may serve as a reserve food. If this were the case the 
utilization of a large proportion of the hemicellulose present would not be 
observable. 

Czapek (7) and Kostytschew (18) and others have emphasized the 
importance of particular hemicellulose constituents as reserves, indicating a 
less prevalent belief that only certain fractions of the hemicellulose group 
may function primarily as reserves. 

Still another type of finding that has led to an apparently erroneous 
conclusion is illustrated by the data of Nelson (25) and of Leukel (20) 
which show small decreases in hemicellulose in alfalfa roots that had under- 
gone repeated top cutting treatments, and of Nightingale (26) which show 
a significant percentage decrease of hemicellulose in tomato stems grown in 
darkness for an extended period. These decreases most likely represent the 
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net effect of a lessened hemicellulose deposit in the newly formed tissue on 
the percentage of the hemicellulose in the entire plant part utilized. This is 
confirmed by Albert's (1) data on alfalfa which show that new top growth 
produced in the dark room had a hemicellulose percentage much lower than 
normal. The difference would have been larger had the hemicellulose con- 
tent of the normal material been expressed as percentage on a carbohydrate- 
starch and sugar) free basis. The evidence seems to indicate that a larger 
or smaller quantity of hemicellulose may be laid down according to the nutri- 
tional conditions within the plant. 

A number of investigations show no particularly significant variations in 
the hemicellulose content. Only a few of these need be mentioned, chiefly 
to indicate some of the plants that have been studied. Denny (10) seems to 
have found no consistent variation in the hemicellulose content of leaves of 
tobacco, sunflower, cotton, grape, hawthorn, peach, bean, and lilac, using 
twin-leaf samples collected at night and in the morning. On the average his 
results indicate a slight gain. Jones and Bradlee (16) found very small 
seasonal variations in the maple tree. Bennett (2) in a seasonal study of 
the apricot found no reason to believe that hemicellulose functioned as a 
reserve. Williams (43) working with the dewberry found that the acid 
hydrolyzable material showed minor seasonal changes. L. D. Davis (unpub- 
lished data), working with bearing and non-bearing trees of the sugar prune, 
found no significant seasonal variation in hemicellulose although large fluctua- 
tions occurred in the starch content (8) of the same material. 

Murneek (24), Leonard (19), and Clements (6) support the theory 
that hemicellulose serves as a reserve food in the plant. In their investiga- 
tions, the observed variations of the hemicellulose content were irregular, and 
furthermore, are not correlated with the vegetative condition of the plant. 
Their variations certainly do not point to hemicellulose as a reserve, but may 
have arisen largely from sampling and analytical errors. Arbitrary chemical 
determinations of hemicellulose may show comparatively large deviations. 

Several investigators have employed treatments leading to carbohydrate 
utilization and have studied the effect on the hemicellulose content. Deleano 
(9) divided carefully selected leaves of Vitis vinifera along the midrib. One 
portion served as a check and the other was placed in a light-excluding 
respiration chamber for varying periods of time from 22 to 288 hours. 
Under these conditions of decreasing carbohydrate reserves, the percentage 
of hemicellulose seemed to increase slightly. This increase might be ascribed 
to continued hemicellulose deposition in the leaf, but it more probably was 
caused by the effect of the decrease of other constituents on the percentage 
of hemicellulose. A slight increase of total nitrogen was also shown. If the 
hemicellulose data are corrected, using the nitrogen increase as a basis, the 
resultant figures for hemicellulose are remarkably constant. Although 
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Buston (4) found a decrease in the hemicellulose content in grape leaves held 
in darkness, however, his findings are limited. Proebsting (33) in experi- 
ments on the apple found that continued defoliation did not decrease the 
hemicellulose content. The work of Albert (1), in which he endeavored to 
exhaust the reserve from alfalfa roots by growth under conditions of light ex- 
clusion, resulted in a consistent increase in the percentage by weight of hemi- 
cellulose, doubtless an effect of the carbohydrate utilization on the percentage 
composition of the residue. It is apparent that hemicellulose was not utilized 
to any appreciable extent as a reserve under these conditions. 

Experimentation 

The analytical data, presented in table I, were obtained from representa- 
tive cross-sections of grape stems (Vitis vinifera var. Carignane) . The label- 
ing of the sections selected, as indicated in table I, is self-explanatory, except 
that the term shoot is used to indicate the herbaceous growth of the current 
season as opposed to the designation cane, used to indicate the mature stems 
of the preceding season. The data on the annual hemicellulose level were 
obtained by analysis of composite samples of each of the various sections, 
obtained by the removal of ten vines at each sampling, at intervals varying 
from a few days up to one month during the course of the year period. The 
same sampling procedure was utilized in the severe defoliation treatment, 
except that only six vines were removed for the composite sample. The 
defoliation treatment consisted of leaf removal at intervals sufficiently short 
that the leaves never reached a diameter of more than 2 inches. The defolia- 
tion was repeated until the vines were unquestionably in a dying condition. 
Adjacent vines receiving the same treatment were dead at the time of 
sampling. The composite samples were dried rapidly in a strong air blast 
at 55° to 60° C. 

The sugars were removed by extraction for 6 hours with 95 per cent, ethyl 
alcohol. The starch was liquefied by buffered taka-diastase (previously pre- 
cipitated from water solution by alcohol to remove most of the blank) . The 
residue from the starch extraction was hydrolyzed with 2 per cent. HC1 (by 
weight) for three hours in an enclosed steam bath. The resulting sugars 
were determined by the Munson-Walker-Shaffer-Hartman method. 

It is realized that this analytical procedure includes other polyuronides 
which are present (chiefly peetic substances) but there is no reason to believe 
that this affects the conclusions drawn. The data represent averages of the 
results of duplicate analyses of each sample. All results are expressed in 
terms of dextrose as percentage of the dry carbohydrate-free residue (starch 
and sugars) following the example of Mason and Maskell (23). Denny 
(10) found that this procedure gives results compatible with those calculated 
on the unit organ basis. Large variations in the stored starch have intro- 



TABLE I 




Bepeat- 

EDLY 

DEFOLI- 

ATED 

VINES 

q q © os © oo q rH q cq 
th o' ko i> o 6 6 m o th 

tH H (M CQ oq H CM rH 

Aver- 

age 

00 tH 05 03 q t> q CM rH tH t> CO H CO 05 CO CO to 

O t> O 05 © H O H H fO © t>" N l> W O 

rl H t— t HWWHNHHHHHHH 

^ © 

q lo ^ o h m ^ q h o oo w oo oo © fo h | 

H T)I t> CO © 05 o H oi d CO 05 00 l> CO oo 

H H rH rH CQ CQ rH OQ rH rH rH rH rH rH rH * 

Oct. 

6 

. 

q q CO 05 00 00 iq HH rH 00 1 t> l>- 00 00 05 

rH -rH t> CO CO* 05* O © CQ* © rH 00 td CO C-- rH lO 

rH rH rH rH OQ CQ rH CQ rH rH ' H H H H 

Sept. 

6 

O iq 00 iq C0 rH iq 05 t> rH 00 I I H O © CD t> 

rH rH t-’ id 05 05 O d rH* rH CO 00 rH rH td 

H H rH rH CQ CQ rH CQ rH ' 'rHiHrHrH 

h 

iq co cq q co q q q rH qq ■ | i © rH rH q co 

O rH t> fcd O 05* o’ o* rH rH CQ t> CO OO CO CO* 

rH rH HHHOQCQHCQH * rH rH rH rH 

t* 

►3 © 

P 

(-5 

h q © h oo oq o rtj © q q co q q q q oo co 

O rH* t> t> 00 05* rH* O* H H CO O H N CQ b~ rH CO* 

tH rH rH rH CQ CQ rH CQ rH Ol H i — 1 rH i — 1 i—i 

June 

7 

q rH rH q q rH q q co q oq q q q q q q q 

rH HO CO CO 00* ©* © O © rH CQ* 05* CQ CO* CQ* CQ* t> 

H H rH CQ CQ CQ rH CQ rH i — IrHrHrHrHrH 

May 

26 

oq oq co oq oq © q q q q q rH rH q cq © q q 

©’ rH 00 CO 05 © rH* d CQ* rH* CQ* 05 CQ td CQ* 00 CQ* © 

H i — 1 rH CQCQCQHCQrHHrHHHrHH 

May 

13 

qqNHwqqN q rH q m m h o q © q 

© co* td td © 05* rH © ©* CQ CO* 05 CO CO CO © CQ CO 

H H rHrHrHCQCQrHCQrHrHrHi — IrHrHrH 

May 

5 

* 

05 rH q q q © © © rH rH q q q © rH rH 

© rH td CO od 05 © © rH tH cq* © CO rH CQ* td 

rHrH rH rHCQCQrHCQrHCQrHrHrH 

Apr. 

20 

q q q q rH rH q q q rH © oq q © q q 

rH rH fcd lO 00* © © O* 05 rH* rH 05 CO* td rH CO 

rH rH rH CQ CQ CQ CQ rH rH rH rH 

Apr. 

1 

to rH rH q q q q rH rH q © q q 
©* rH t> tO* 05* 05 CQ 05 rH rH CO* 05 tO* 
rH »H rH HCQrHHCQH rHH 

Mar. 

25 

. 

cq rH © q © q q q rH ^ © q rH 

rH rH 00 © 05 © H ©’ © £ lO © ©* 

rHrH tH CQ CQ H H CQ rH H i — 1 

Mar. 

10 

© tH q rH rH MsqqbH q q 

rH rji 00 tO © 05 rH 05' rH © tQ 05 tO 
rHrH HHHNHhCQHHH 

01 

05 rH q © © tH rH q q q rH q q 

© ed od to o © CQ* C5 rH © rH 05 to 
rHrH HHNNHHWHHH 

Is 00 

co q q © © q q q t-h © q q q 
© cd td © © © cq* © ca © cd ©* cd 

rHrH rHrHCQCQrHrHCQHrHrH 

§o 

A 

© rH rH- q © rH q q q © q © rH 

rH CO* 00 © ©* 05 rH 05 rH rH CQ © rH 
rHrH rH rH CQ rH.rH.CQ rH CQ rH 

Nov. 

6 

rH rH' © © q q q © q q rH q q rH 

©’ CO 00 tO ©’ 05 rH 05 © rH rH 05 rH © 

rHrH HHHWHHCQHhH, 

S£ ' ■ 

e* 

5 

*oot wood., 
root bark .. 
foot wood.. 
root bark . 
trunk wood 
;runk wood 
;rimk wood 

bark 

msal wood 
basal bark 
liddle wood 
oiddle bark 
3asal wood 
jasal bark.. 
liddlewood 
aiddle bark 
leaves 


STot included in the average. 


386 


PLANT PHYSIOLOGY 


duced apparent but erroneous inverse fluctuations in the data on the hemi- 
eellulose content. 

Discussion 

The most striking feature of the data (table I) is the lack of significant 
variation between the samples of each series except that for the base of the 
shoots. In the first sample of this series, taken when shoots were very suc- 
culent, the hemicellulose content was less than half that of the usual content 
(approximately 7 per cent, against the average of later values of 17.3 per 
cent.) after the tissues had become more mature. At the second sampling, 
when the base of the shoot was becoming woody, there was still a significantly 
low hemicellulose content in this section of the vine (12 per cent.). It is 
interesting to note that these first samples present an inverse curve of the 
reducing sugar content which decreases rapidly between May 5 and May 26. 
Starch deposition was relatively very small until approximately a month after 
the hemicellulose had attained its normal magnitude. At this, time the base 
of the shoot was no longer succulent. 

The appearance of a normal hemicellulose content during the period of 
rapid growth and before starch storage actively begins, points to its function 
as a structural material. This theory is supported by the lack of significant 
fluctuation in the hemicellulose content in the other sections. The starch 
content, which is the principal reserve in this case, fluctuated widely in each 
part of the vine represented by the samples analyzed. In certain cases (bark 
samples of canes and trunk) starch was absent during the period of the 
summer minimum. The non-utilization of hemicellulose in periods when the 
starch is deficient in certain areas of the vine or at the low summer minimum 
seems to show that it does not normally serve as a reserve food in the vine. 

Although the above results indicate that hemicellulose does not function 
normally as a reserve food in the vine, it seemed desirable to determine 
whether or not it could be utilized as a reserve of “last resort 77 as has been 
proposed by Nightingale (26). In the vines dying because of repeated 
defoliation treatments, the hemicellulose was found to be present in normal 
amounts. It is apparent (see table I) that hemicellulose was not utilized as 
a food reserve even under these conditions of abnormal depletion of carbo- 
hydrate reserves. There always remained a detectable amount of starch 
(with iodine test) in the woody stems. Perhaps this residue was unavailable 
or was being hydrolyzed very slowly to soluble carbohydrates. 

The data for the average hemicellulose values of the various vine cross- 
sections in table I appear to support the theory of the structural function of 
hemicellulose. There is a correlation with general observations on compara- 
tive thickness of all walls — structural rigidity — of the various tissues with 
their respective hemicellulose contents. The hemicellulose content was 
greatest in the xylem of the woody stem, successively decreasing in the 
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root-wood, bark, and leaves. A number of investigators, including Thomas 
(40), Proebsting (33), and Smyth (39), have noted the difference in 
hemicellulose content between the wood and tbe bark of the stem. One 
year Murneek (24) found less hemicellulose in leaves than in wood but 
not consistently less in the following year. These differences are presum- 
ably caused by the greater amount of hemicellulose in the walls of xylem 
cells than in those of phloem and cortex cells. The decreased ratio of 
cortex to xylem in older roots correlates with the increasing hemicellulose 
content (table I). Bennett's (2) data show distinctly less hemicellulose in 
lateral roots than in trunk wood for the apricot. 

The mature wood had slightly more hemicellulose than the young shoots. 
This is an agreement with the results of Tottingham, Roberts, and Lepkov- 
sky (41) who found less hemicellulose in the new spur growth as compared 
with that of the old spurs or base wood. Neither of these findings seems to 
agree with the conclusions of Bradbury and Roberts (3) that acid hydrolysis 
attacks the young xylem, phloem, and cambium cells rather than the •“re- 
serves” occurring as wall thickenings. Probably the increased hemicellulose 
content of older wood is caused by further hemicellulose deposition. It is 
reasonable, however, to assume that nutritive or other conditions might 
reverse this result by influencing the amount of the hemicellulose deposit 
which is laid down or at least might affect its percentage ratio. 

Conclusions 

A critical review of the data presented in the literature reveals lack of 
definite evidence to support the assumption that hemicellulose functions as a 
reserve food in the vegetative part of plants. On the contrary, a preponder- 
ance of evidence indicates that it does not function as a reserve. Definite 
evidence of its utilization in the seeds of a few plants seems to have been ob- 
tained but it appears wise to avoid the reasoning that if hemicellulose is a 
reserve food in the seed, it will necessarily perform this same function in the 
plant. 

The data of this investigation obtained from Vitis vinifera stems fail to 
show any indication of the metabolic utilization of hemicellulose and support 
the theory that hemicellulose does not function as a reserve material in the 
vine even as a reserve of ‘ ‘ last resort. 7 7 The data further indicate that hemi- 
cellulose probably functions as a structural material. 

University of California 
Davis, California 
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ACCESSORY SALTS IN THE NUTRITION OF 
EXCISED TOMATO BOOTS 

Philip R . White 

(with pour figures) 

Introduction 

In a recently reported study of the effect of vitamin Bi on the growth 
of isolated tomato roots (9), evidence was obtained which showed that the 
“accessory salts ”■ regularly included in the medium employed in earlier 
work (7, 8 ) constituted a growth-limiting factor. Vitamin Bi proved to be 
beneficial only in the presence of these salts. That result has since been 
repeatedly verified. The salt mixture used was modeled after that of 
Trelease and Trelease (3). It was thought that the ions of its 12 salts 
might take the place of unidentified but important ash constituents contained 
in the yeast extract which it was desired to replace. No effort was made to 
determine the relative importance of the constituents. 

With the establishment, however, of a synthetic nutrient capable of main- 
taining continuous growth of isolated roots, at a fairly satisfactory level, a 
quantitative examination of all its constituents appeared to be an essential 
step in attempting further improvement of this nutrient (9) . The accessory 
salt mixture was the only portion of the nutrient which had not been sub- 
jected to at least a preliminary examination of this sort (4, 7, 8 , 9). The 
observations of Bobbins, White, McClary, and Bartley (2) also suggested 
that the ash constituents might be worthy of closer examination. 

The present paper records the results of a quantitative study of the 
effects of each of the components of this accessory salt mixture. The mate- 
rials and general methods employed were the same as those reported in 
earlier papers (7) . The roots had been maintained for 200 or more passages 
under standard conditions ( 6 ) before being subjected to experimental 
treatments. 

Experimental results 

The accessory salt solution under consideration contained in each liter 
of complete nutrient the following salts in the amounts shown below : 
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0.03 

■■ cc 

CuS0 4 
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Since it had previously been found that concentrations of the standard salts 
optimal for tomato roots were about one-tenth those commonly recommended 
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for entire plants (4), the concentrations of the accessory salts were likewise 
adjusted to about one-tenth those recommended by Trelease and Trelease 
(3). The optimal concentration of the entire mixture was then determined 
experimentally. A series of solutions was prepared containing sugar, 
standard salts, amino acids, and vitamin B 1 at the standard concentrations 
(7, 8, 9) and the accessory salts at 1, 3, 10, 30, and 50 times the concentrations 
tabulated above. Twenty cultures were grown at each concentration. Cul- 
tures were carried through three consecutive passages, each of one week 
duration. They were measured daily, the measurements averaged to obtain 
a weekly index and this recorded as percentage of the control grown in a 
nutrient containing yeast extract. A 4 ‘ negative control’ ’ was also maintained, 
in which neither yeast extract nor its equivalent (amino acids, vitamin B 1? and 
accessory salts) was used. The results are shown in figure 1. In the first 



Eig, 1. Growth rates of excised tomato roots in a nutrient containing sugar, stand- 
ard salts, amino acids, and vitamin B 1; to which various concentrations of an accessory salt 
mixture were added. Control 1 contained yeast extract in place of amino acids and 
vitamin. Control 2 was without organic material other than sugar. Open columns repre- 
sent the first, haehured the second, and blocked-in columns the third passages. The trans- 
verse dotted line is at the level of the average growth rate (3 passages) without accessory 
material. Any growth rate below this level indicates a depressant effect. 
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passage growth at concentrations 10, 30, and 50 times the standard was less 
than in the negative control, that is, these solutions had a depressant effect. 
The last two concentrations were, therefore, abandoned. Growth was best 
at a concentration 3 times the standard in the first passage, but there was a 
gradual recovery at 10 times the standard so that in the second and third 
passages this nutrient gave superior results. It thus appears that tomato 
roots may become adapted to growth in salt concentrations higher than those 
which are at first optimal. For subsequent studies a concentration between 
these two values, 5 times the original standard, was chosen. Such a nutrient 
contained 17 mg. of accessory salts per liter. 

The importance of each salt was then studied in an “all or none” series. 
Sixteen nutrients were prepared. Each, with the exception of the negative 
control, contained the standard salts, sugar, amino acids, and vitamin B x . 
Four controls were used, one containing yeast extract, one without accessory 
material but with standard salts and sugar, one containing all 12 of the ac- 
cessory salts, and one from which all these salts were omitted. In each of the 
remaining solutions one of the 12 accessory salts was omitted. Twenty cul- 
tures were prepared in each nutrient and were maintained through 3 passages. 
The results are shown in table I. 

Of the 12 salts studied, only 2, aluminum sulphate and potassium iodide, 

TABLE I 

Growth indices of tomato roots cultivated in nutrients each lacking a single one 

OF THE ACCESSORY SALTS, EXPRESSED AS PERCENTAGE OF THE GROWTH IN A 
CONTROL NUTRIENT CONTAINING YEAST EXTRACT 


Solution 

Passage 

Average 

1 

2 

3 

With yeast 

1 

100 

100 

100 

100 

Without yeast 

2 

34 

43 

17 

28 

All accessory salts omitted 

3 

68 

50 

49 

56 

All accessory salts included 

4 

100 

79 

95 

91 

Minus 

A1 


108 

106 

110 

108 

( c 

Li 


88 

93 

110 

97 

c c 

Zn 


102 

81 

95 

93 

C ( 

Mn 


92 

74 

102 

89 

( c 

Ni 


98 

65 

97 

87 

i t 

Cu 


91 

84 

85 

87 

t i 

Si 


82 

85 

96 

87 

i i 

Na 


97 

86 

81 

87 

1 1 

Co 


90 

79 

85 

85 

i e 

As 


102 

74 

64 

80 

(( 

B 


73 

74 

80 

76 

C ( 

I 


64 

56 

60 

64 
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gave sufficiently clear-cut results to be of certain significance. Aluminum 
sulphate (Ip.p.m.) was clearly detrimental. Potassium iodide (0.15 p.p.m.) 
was equally clearly beneficial. All other salts were of doubtful value. In 
view of the uncertainty of these results, an arbitrarily chosen combination 
was selected for further study. For this, 6 salts only were chosen : potassium 
iodide because the preliminary study had suggested its importance ; manga- 
nese and zinc sulphates and boric acid because, in spite of their apparent 
unimportance in this first study, the literature of plant nutrition contains so 
many rather clear-cut demonstrations of their desirability (the first two are 
likewise frequently found as impurities in salts of other metals and may have 
been supplied in sufficient amounts in the 11 salts present in the “ minus Mn ,; 
and “minus Zn” series) ; sodium silicate because Mast and Pace (1) have 
suggested its importance for certain organic catalyses; and cobalt chloride 
because of the recent interest in the possible role of cobalt in animal and plant 
nutrition. "Winkler years ago (10) pointed out the possible growth-stimu- 
lating effects of traces of cobalt. Since it was desired to test 4 concentrations 
of each salt and since the maximum number of cultures which could be main- 
tained at one time under uniform conditions in the laboratory available was 
320, no more than 4 salts could be compared simultaneously. Salts of iodine, 
boron, manganese, and silicon were studied first. Nutrients were made up 
containing 5 of the 6 salts chosen, at standard concentrations, while the sixth 
salt was introduced at 0.0, 0.1, 1.0, and 10.0 times the concentrations employed 
in the earlier series. The experiment was conducted as before. 

The results, shown in figure 2, indicate clearly that iodine was essential 


120 



Controls I B Mn Si 

Fig. 2. Legend as for fig. 1. Control 3 is with amino acids and vitamin B x but 
without accessory salts. Control 4 is the same as 3 but with I, B, Mn, Si, Zn, and Co 
added (see text) . The transverse dotted line is placed at the level of the mean growth 
rate for control 3, without accessory salts. Solid dots are in each case placed at the 
average (3-week) growth rate for the nutrient indicated. 
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for satisfactory growth of isolated tomato roots. A concentration of about 
0.75 p.p.m. of KI was about optimal. Manganese was likewise highly desir- 
able, with an optimal concentration at about 4.40 p.p.m. of MnS0 4 . Enough 
Mn seems to have been present in the “minus Mn” nutrient for fairly satis- 
factory growth. Boron was possibly beneficial with an optimum at about 
1.60 p.p.m. of H, 3 B0 3 . Some boron was, of course, supplied to the cultures 
by solution of the glass (Pyrex) in which they were grown. A clear-cut 
deficiency was thus not to be expected in this case. Silicon proved to be 
markedly detrimental, the growth rates showing a regular diminution with 
increasing concentration of Na 2 Si0 3 . In two solutions, that with increased 
Mn concentration and that from which silicon was omitted, the growth indices 
were greater than when all 6 salts were present at the concentrations used 
before, and were superior to any results obtained in earlier nutrients con- 
taining all 12 salts. 

Using these results as a basis, a series was then prepared in which Si was 
omitted, the concentrations of I and B were maintained at the basic values, the 
concentration of Mn was increased by 10, and the concentrations of Zn and Co 
were varied as was previously done with the other ions. The results, shown in 
figure 3, indicate that zinc was probably beneficial, with an optimum at about 



Co, without Si. 

1.5 p.p.m. of ZnS0 4 , while cobalt, at the concentrations tested, was without 
significant effect. 
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It thus appears that nutrients containing only four accessory salts, MnSQ 4 , 
ZnS0 4 , H 3 B0 3 , and KI, are capable of maintaining growth of isolated tomato 
roots through at least 3 passages without apparent deterioration or diminu- 



Fig. 4. Boots grown in the following solutions (reading from left to right) : Top 
tow, control with yeast extract ; negative control without accessory material; nutrient 
•containing standard salts, sugar, amino acids, and vitamin B x but with no accessory salts; 
same as the last hut with Mn, B, I, Zn, and Co added. Middle row, nutrient the same 
.as that in the upper right hand corner except that concentrations of Zn, 0.0, 0.1, 1.0, and 
.10.0 times the standard, were used. Bottom row, like the middle row but with concentra- 
tions of Co varied, instead of Zn. All pictures taken at the end of 3 passages, x 0.5. 
^Photograph by J. A. Carlile.) 
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tion in growth rate and at a level almost equal to that in a yeast extract 
medium. Addition of any of the other 8 salts originally included in the 
accessory salt mixture did not improve the result. As is evident from figure 
4 (upper right hand corner) , the condition of such roots at the end of 3 pas- 
sages was excellent and the contrast between them and roots grown in a 
nutrient lacking these 4 salts (fig. 4, second from the right, top row) is strik- 
ing, The nutrient is little if at all inferior to the control and is superior to 
any synthetic nutrient heretofore developed. 

Discussion 

The best synthetic nutrient presented in previous work (9) contained 
sucrose, 18 salts, 9 amino acids, and vitamin B x . It was capable of maintain- 
ing continuous growth at a level somewhat inferior to that in a yeast extract, 
medium. In discussing that nutrient, it was pointed out that its deficiency 
might be due to improper balance of the constituents already there, in which 
case a quantitative study might lead to correction of the deficiency, or it 
might be due to the absence of some desirable but not absolutely essential 
constituents, in which case a quantitative study would not be adequate. The 
present study has shown clearly that the former is, at least in large measure, 
the case ; that is to say, the fault has been largely one of improper balance 
and of a too complicated medium. By simplifying the nutrient through the 
omission of 8 salts and by modifying the concentration of manganese, the 
results have been greatly improved and brought up to almost, if not quite, 
the level of the control containing yeast. The optimal synthetic nutrient 
developed to date then contains the following ingredients in each liter of 


solution. : 
Ca(N0 3 ) 2 

70.00 mg. 

dl-phenylalanine 

1.50 mg. 

kno 3 

80.00 “ 

dl-lysine 

1.50 “ 

KC1 

65.00 “ 

dl- valine 

0.15 “ 

kh 2 po 4 

12.55 “ 

dl-serine 

0.05 “ 

KI 

0.75 “ 

dl-isoleueine 

0.0015 mg. 

MuSO, 

4.40 “ 

d-glutamic acid 

5.00 mg. 

Fe 2 (S0 4 )3 

2.50 “ 

1-histidine 

1.50 “ 

ZnSO-t .■ 

1.50 “ 

1-proline . 

0.50 “ 

H s B0 3 

1.60 “ 

1-leucine .;. 

0.015 mg. 

Vitamin B x — 1 mg. 

Sucrose — 20 gm. 



It seems possible that a re-examination of the amino acid mixture, carried 
out in a way similar to that just described for the accessory salt mixture, may 
result in still further simplification of the nutrient, with concomitant 
improvement. 

Summary 

Of the 12 accessory salts included in the formula of Trelease and Tre- 
lease, only four, MnS0 4 , ZnS0 4 , H 3 B0 3 , and KI, appear to be essential for 
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growth of isolated tomato roots under the conditions of the experiments here 
reported. Other salts may have been introduced as impurities but played 
no recognizable role in the growth of the roots in question. When the four 
salts named above are added to a nutrient containing the standard salts of 
Pfeiffer’s solution, iron, sucrose, amino acids, and vitamin B x , in proper pro- 
portions, the resulting nutrient is almost, if not quite, equal to a yeast extract 
medium as a source of materials essential for growth of these roots. 
Department op Animal and Plant Pathology 

The Rockefeller Institute for Medical Research 
Princeton, New Jersey 
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INFLUENCE OF FOLIAGE SPRAYS ON DROUGHT RESISTANCE 

OF CONIFERS 

Hardy L. Shirley, and Lloyd J. Meuli 
(with one figure) 

Introduction 

Periodic drought is one of the most serious hazards to young conifer plan- 
tations in several regions of this country. In the Lake States region, for 
example, droughts have occurred in four years of the past seven. Biologists 
have suggested that repellent substances sprayed on leaves of conifers to 
prevent rodent damage might, in addition, have a beneficial effect on survival 
during droughts. It seemed desirable to make a careful test of a few sprays 
to determine if they were of any real use in increasing resistance to drought. 
The present paper describes experiments designed to test the protective value 
of various sprays that have been suggested as useful agents in lowering 
transpiration. 

Review of literature 

Emerson and Hildreth (2) treated ponderosa pine with four different 
spray materials, all of which caused a pronounced decrease in the rate of 
transpiration. Corn oil, the most efficient, reduced transpiration from 20.7 
to 2.4 gm. daily. These sprays appeared to have no ill effects on the trees 
and seemed to promote increased survival of seedlings planted in the field. 

Malin (6) showed that the rate of transpiration and the osmotic pressure 
increased rapidly after the natural waxy coating was removed from the 
needles of conifers. Mittmeyer (8) found that the cuticular transpiration 
is very important in many plants of the xerophytic type, while for mesophytes 
a much larger percentage of transpiration occurs through the stomata. 
Fusser (4) showed that coating leaves with vaseline and other materials 
designed to reduce transpiration tended to upset their water relations to such 
an extent that for some leaves the transpiration rate with one surface coated 
with vaseline was as rapid as from the uneoated leaf. Arthur and Stewart 
( 1) reported that coating leaves of tobacco plants with vaseline did not 
reduce transpiration to any appreciable extent when they were exposed 
under conditions of high light intensity and high temperature. 

The effects of sprays on. the water balance of plants are reflected in 
changes in their rate of photosynthesis. Hoffman (5) reported that lime- 
sulphur sprays decreased the rate of photosynthesis in apple leaves as much 
as 38 per cent. Summer oil sprays also caused a marked decrease at first, 
but after a week the leaves regained their initial rate of assimilation. 
Schroeder (10) found that the carbon dioxide absorption of apple leaves 
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was materially reduced after applications of mineral or vegetable oil sprays. 
Wilson and Kunnels (14) report increases in transpiration of Coleus plants 
sprayed with copper-containing mixtures varying from 42 per cent, for col- 
loidal copper up to 1000 per cent, for Bordeaux mixture. In an earlier 
report (13) these same investigators found that Bordeaux mixture checked 
growth, decreased yield, and increased transpiration of tomatoes, while an 
oil spray apparently had no unfavorable influence on these plants. Rohr- 
baugh (9) found that heavy oil sprays accumulated in the leaves and twigs 
of citrus fruit trees where they persisted for as long as 6 months, apparently 
causing only slight injury to the trees. McKay (7), on the other hand, 
found that paraffin oils injured considerably the young shoots of apple trees. 
The evidence from the literature on the subject of protective sprays is some- 
what conflicting, and might lead one to question whether foliage sprays pro- 
vide sufficient protection against excessive transpiration to offset their unfa- 
vorable effects. 

Experimental methods and results 

Three conifers, Norway pine, Finns resinosa Solander, white pine, 
Finns strolus L., and white spruce, Ficea glauca (Moench) Voss., were used 
in these tests. 


Sprays, furnished by the Central Great Plains Horticulture Field Station 
at Cheyenne, Wyoming, were made up as follows d 


No. 1: 

Beeswax 10 parts (weight) 

Fish oil soap 1 part 

Water 50 parts 

Dissolve the soap in water by heating to 95° C. ,* melt the beeswax and heat 
to 70° 0.; add beeswax slowly to heated soap solution while stirring vigor- 
ously. 


No. 2: 

Parawax 

Beeswax 

Fish oil soap .. 

Water 

Prepare the same as no. 1. 


5 parts (weight) 
5 parts 
1 part 
40 parts 


No. 3: 

Goodrich rubber solution 1 pound 

Fish oil soap 2 ounces 

Water 2 ounces 


Dissolve the soap in water and cool to room temperature. Add the rubber 
solution to the soap solution while stirring vigorously. 


No. 4: 


Hydrowax liquid N full strength. 2 

1 The writers axe indebted to J. L. Emerson, formerly of the Central Great Plains 
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Laboratory tests 

Laboratory tests of drought resistance were made in the 1933 drought 
machine (11). Two-year-old white spruce seedlings were potted in tin cans 
and allowed a week or more to become established. The materials were 
sprayed on the leaves with a hand sprayer, just before placing the plants in 
the testing machine. The soil in all plant containers was maintained at the 
same moisture content by daily additions of water through a glass pipette 
in the waxy seal. The plants remained in the machine until dead. An 
untreated control was tested with each lot of sprayed plants. 

A measure of the reduction in transpiration might be considered a justi- 
fiable estimate of spray values during periods of drought. Consequently 
records of daily water loss from each plant were kept for the three laboratory 
tests as shown in figure 1. It will be noted that the more effective sprays 



Fig. 1 . Effect of foliage sprays in daily transpiration of wMte spruce. 

Horticulture Field Station at Cheyenne, Wyoming, for the sprays used in these tests. 
2 Purchased from Glvco Products Co., Brooklyn, New York. 
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TABLE 1 

Effect of sprays on drought resistance of white spruce. Average of 
3 laboratory tests 


Spray used 

Total number of 
PLANTS SPRAYED 

AND UNSPRAYED 

Average days survived in 

MACHINE 

Sprayed 

Control 

(1) Beeswax 

86 

8.34 

8.56 

(2) Beeswax-parawax 

86 

9.10 

8.93 

(3) Bubber solution 

81 

8.60 

8.84 

(4) Hydrowax . 

85 

8.63 

9.50 


caused an important reduction in transpiration during the first four days, 
but thereafter, as the available soil moisture was reduced, unsprayed and 
sprayed plants lost water at approximately the same rate. 


TABLE II 

Analysis of variance of days survival in drought machine by sprayed and 
unsprayed spruce seedlings 


Source of variation 

Degrees of 

FREEDOM 

Mean square 

Observed ¥ 

Spray 1 





Total 85 

9.15 


Between treatments 

1 

6.15 

1.01 

Between tests 

2 

137.29 

22.64* 

Bemainder 

82 

6.06 


. 

Spray 2 


: , . ' . . . 



Total 85 

7.98 


Between treatments 

1 

.94 

.27 

Between tests 

2 

199.13 

58.26* 

Bemainder 

82 

3.42 


Spray 3 





Total 80 

11.00 


Between treatments 

1 

5.31 

1.62 

Between tests 

2 

310.97 

94.84* 

Bemainder 

77 

3.28 


Spray 4 





Total 84 

18.73 


Between treatments 

1 

32.80 

6.17 1 

Between tests 

2 

555.11 

104.43* 

Bemainder 

81 

5.32 



* Indicates significance beyond 0.01 level, 
t Indicates significance between 0.05 and 0.01 levels. 
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Data from all tests were grouped together (table I) and treated by 
Fischer's (3) analysis of variance method. 3 

The results are given in table II. It will be noted that differences between 
tests are highly significant. This was due very likely to the different stages 
of vegetative development at the time of testing. In only one ease is there 
a significant difference between treated and control plants. Hydrowax 
liquid N caused a reduction in drought resistance and at the same time caused 
a considerable decrease in transpiration. Presumably its lowering of 
drought resistance may be attributed to effects other than those effecting the 
transpiration rate. All sprays caused the needle tips to turn brown. 

During 1937 a new paraffin emulsion appeared, designed to protect plants 
from desiccation. 4 A sample of this material obtained from the Dow Chem- 
ical Company, Midland, Michigan, was diluted with water 1 to 34 and 
sprayed on 2-year-old jack pine. A machine test of drought resistance, in- 
volving 45 treated and 45 control plants, was made in the usual manner. 
Both treated and control plants lived an average of 4.9 days. 

Field tests of drought resistance 

Field tests were made in two different areas to determine the influence of 
sprays on field survival. These field test areas, about thirty miles apart, 
were located in the Chippewa National Forest. During the test period in 
1934, precipitation at Cass Lake, Minnesota, was about normal in June, 1.34 
inches below normal in July, and 1.87 inches below normal in August. The 
drought was not quite as severe as those which occurred in other years of the 
past seven. 

A total of 49,000 plants consisting of the three species, Norway pine, 
white pine, and white spruce, were used in the tests. The plants were 
sprayed in bundles before planting in the field. At the end of the first grow- 
ing season 50 per cent, of the planted trees were examined to determine the 
percentage of mortality. The results of these counts are given in table III. 
In general, spraying resulted in increased mortality. The only exception 
was white spruce which, when sprayed with beeswax, had a lower mortality 


TABLE IV 

Analysis of variance of field mortality of sprayed and unsprayed conifers 


Source of variation 

Degrees of 
freedom 

Mean square 

Observed E 

Within lots (error) 

Between lots . 

Total 324 

300 

4. 

61.57 

1323.46 

21.50* 

Between treatments .; . 

4 

154.14 

2.50 f 

Interaction, lots x treatments ...... 

16 

55.79 

0.91 


* Indicates significance at 0.01 level (12). 
t Indicates significance at 0.05 level (12). 

3 Assistance with statistical treatment was furnished by R. H. Blythe, Jr, 

4 Miller, E. J., Neilson, J. A., and Bandemer, S. L. Wax emulsions for answer 
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than unsprayed plants. This advantage occurred only on the Pike Bay 
Experimental Forest. These data were treated by Fisher's (3) analysis of 
variance method as shown in table IV. Differences between lots and between 
treatments were both significant. The standard error for the mean of all 
species and sites was computed to determine which particular treatments 
differed significantly from the untreated. The increase in average mortality 
over that of untreated plants is also shown in table III. 

In field tests, plants treated with both rubber solution and Hydrowax 
had significantly higher mortality than untreated plants. These sprays must 
be considered distinctly harmful under the conditions used. The other two 
sprays were not beneficial. 

Discussion of results 

Neither in the laboratory tests nor in field survival did sprayed plants 
exhibit any significant advantage over untreated ones. In the laboratory 
tests the plants were subjected to severe atmospheric and soil drought. In 
field tests the drought was only moderate. In view of the rather extensive 
trial given, it appears logical to assume that none of the four sprays afforded 
any real protection against drought to the species used. In this region, at 
least, their effect, if any, was detrimental. Whatever benefit that may have 
resulted in reducing transpiration of the sprayed plants was evidently offset 
by disadvantages due to other causes. 

Summary 

1. Norway pine, white pine, and white spruce were treated with four 
foliage sprays to determine their efficacy in improving resistance to drought 
as measured by laboratory and field tests. 

2. None of the sprays studied improved resistance to drought in these 
conifers. 

Lake States Forest Experiment Station 
St. Paul, Minnesota 
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FORMATION OF NITRATE IN DETACHED GREEN LEAVES 
OF SWISS CHARD AND TOMATO 


Mary C. McKee and Dorothy E. Lobb 
(with two figures) 

Introduction 

In 1933, Vickery, Pucher, Wakeman, and Leavenworth (6) reported 
the formation of nitrate in tobacco leaves subjected, in the absence of light, 
to either air drying or distilled water culture. The present investigation 
seeks to extend this unprecedented (1) observation to leaves other than those 
of the tobacco; for this purpose random choice was made of Swiss chard 
(Beta vulgaris var. cicla) and tomato Lycopersicum esculentum Mill). The 
treatment of the leaves followed as closely as possible that given the tobacco ; 
the results so obtained indicate that the tobacco is not unique in showing 
nitrate formation and that the phenomenon differs in magnitude depending 
upon the nature of the leaf and its condition. 

Procedure 

Swiss chard 

Preparation of dried leaf tissue. — Two series of investigations were 
carried out on Swiss chard (var. Lucullus) at the end of three months 7 
growth. The two crops were grown from the same seed, at different seasons 
of the year, in different locations, and under different nutritive conditions. 

Lot A was planted in July, 1936, in an open field and received little culti- 
vation. The leaves were harvested in October. Lot B was planted January 
16, 1937, in the college greenhouse. Once a week from the second week after 
planting until ten days before picking, April 5, the twenty-four plants 
received a pint of nutrient solution of the following composition: calcium 
nitrate, 4 gm. ; potassium nitrate, 1 gm. ; magnesium sulphate, 1 gm. ; potas- 
sium dihydrogen phosphate, 1 gm. ; potassium chloride, 0.5 gm. ; water, 1 liter. 

In each case the leaves were harvested about eight o'clock in the morning. 
They were practically free from surface moisture and were brushed free 
from soil. All except very old and very young, green, healthy leaves were 
stripped from the plants and, therefore, the samples were of varied sizes and 
stages of development. The petioles were removed unless the leaves were 
to be water cultured, the leaves were divided into groups of approximately 
100 gm. each, washed in tap water, blotted dry, and treated as follows : 

Controls . — Groups Ar-1 and B-l were shredded, piled lightly on pyrex 
plates and dried in an electric oven for five to six hours at 75° to 100° C. 
Frequent turning of the leaves aided in promoting uniform drying. At the 
end of this period the leaves were allowed to cool in the air, weighed, ground 
in a Nixtamal mill or by hand in a glass mortar, and bottled for later deter- 
mination of nitrate and total solids. 
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Water culture in the dark . — Leaves of groups A-2, A-3, A-4, B~2, B~3, 
B-4 were placed in x liter beakers with the petioles dipping in distilled water 
and kept in a dark room at approximately 24° C. for periods of about 48, 
72, and 96 hours. Fresh water was supplied and the stems scraped each 
twenty-four hours. The leaves were turgid and there was no visible evidence 
of bacterial action. At the end of each culture period the petioles were 
removed and the leaves oven-dried, weighed, and ground. The weight was 
corrected for the removal of the petioles. 

Air drying in the dark.— Leaf groups A-5, A-6, A~~7, B-5, B-6, B-7 
were suspended by cords passing through the mid rib of each leaf, in a well 
ventilated dark room where they dried slowly at 20° to 22° C. for three-, 
six-, and nine-day periods respectively. Following the curing process, each 
lot was dried in the oven for three to four hours. This left the leaves a bright 
green color in contrast to the controls and water cultured leaves which were 
darkened by oven drying. The dried leaves were air cooled, weighed, ground, 
and preserved in glass stoppered bottles. 

Analytical procedure. — Determination of total solids in (a) fresh leaf 
and (b) dried leaf tissue, (a) Two fresh leaves were shredded and weighed 
quantitatively in no. 4 porcelain crucibles, oven heated with the controls, 
transferred from the oven to a vacuum desiccator and dried to constant 
weight over sulphuric acid (sp. gr. 1.84). The percentage of total solids in 
fresh leaf as obtained in this way was checked by following the change in 
weight upon drying of the different batches of leaves. 

(b) Duplicate samples (one to two gm. each) of the bottled oven dried 
leaf material were dried to constant weight in vacuo over sulphuric acid 
(sp.gr. 1.84). 

Determination of nitrate-nitrogen in the oven dried leaf. — Following the 
technique of Pucher, Vickery, and Wakeman (3), one- to two-gram 
samples of the oven dried leaf powder were brought to a pH just less than 1 
(quinhydrone method) by addition of 4 N sulphuric acid, and the nitric acid 
so formed was removed by extraction with alcohol- and peroxide-free ether 
in an underwriter’s extraction apparatus. Complete removal of the nitrate 
ion was tested by use of diphenylamine. The ether extract was diluted with 
water, neutralized with 0.5 N sodium hydroxide, the ether removed by 
evaporation, and the aqueous solution made up to 100 ml. Aliquots of 5 or 10 
milliliters were reduced with iron powder and sulphuric acid and the am- 
monia determined by distillation from an alkaline solution into hydrochloric 
acid and subsequent Nesslerization. A Duboscq colorimeter was used and 
corrections were made for the nitrogen content of the iron powder and the 
ammonia content of the leaf ether extract. 

■ 'Tomato 

Tomato seed (var. Margrove) was planted, April 4, 1936, in the college 
greenhouse; the young plants were removed to an outdoor ^.rrlon n-n TVfW 
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18. The plants were well fertilized with nutrient solution (described under 
Swiss chard) and sheep manure, and they grew vigorously. Two lots of 
clean, healthy, green leaves of varied sizes and ages were harvested, one on 
the morning of July twenty-second, the other on the afternoon of August 
eighth. They were treated in a similar manner and subjected to the same 
analyses as the chard leaves. 

Results 

The experimental data are summarized in tables I and II. A compara- 
tive study of the results obtained with tobacco (Vickery et al) , Swiss chard, 
and tomato leaves may be made by means of figures 1 and 2. 

Discussion 

In the analysis of green leaves two difficulties are always met, the pro- 
curing of a uniform sample of the fresh leaf and the preparation of repre- 
sentative material for direct analysis. The leaves used in this work were of 
varied sizes and stages of development and the attempt to surmount the first 
difficulty lay solely in the use of a large number of leaves well mixed. In 
table II, under A-l, are recorded the analyses of three separate groups of 
unseleeted leaves all subjected to the same experimental procedure. The 

Grams 
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Grams 

1.0 



TABLE I 

Nitrate content of swiss chard leaves 


Sample 

Nitrate-N 

IN ONE 
GRAM OP 
OVEN DRIED 

LEAP 

Total sol- 
ids in 100 

GRAMS OP 

OVEN DRIED 

LEAP 

Nitrate-N 

IN ONE 

GRAM OP 

TOTAL 

SOLIDS 

Total sol- 
ids in 100 

GRAMS OP 
PRESH LEAP 

Nitrate-N 

IN ONE 

GRAM OP 

PRESH LEAP 


mg. 

mg. m 

mg. 

mg. 

mg. 

A 






Control, A-l 

Water cultured 

1.92 

: 

94.8 

4 

2.03 

11.3 

0.229 

48 hr., A-2 

1.54 

94.2 

1.63 


0.184 

70 hr., A-3 

1.58 

94.6 

1.63 


0.189 

92 hr., A-4 

Air dried 

2.11 

95.2 

2.22 


0.250 




, 


72 hr., A-5 

2.54 

94.2 

2.69 


0.305 

144 hr., A-6 

1.48 

93.6 

1.56 


0.176 

216 hr., A-7 

1.04 

94.2 

1.11 


0.125 

B 






Control, B-l 

7.24 

95.5 

7.50 

7.06 

0.530 

Water cultured 





48 hr., B-2 

8.92 

97.7 

9.14 


0.645 

72 hr., B-3 

9.70 

97.5 

9.95 


0.703 

96 hr., B-4 

Air dried 

7.54 

i 98.3 

7.67 


0.541 

72 hr., B-5 

9.80 

97,1 

10.1 


0.712 

144 hr., B-6 

21 6 hr. TU7 

9.71 

Q Q7 

95.4 

n a er 

10.2 


0.719 
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TABLE II 

Nitrate content of tomato leaves 


Sample 

Nitrate-N 

IN ONE 

GRAM OF 
OVEN DRIED 

LEAF 

Total sol- 
ids in 100 

GRAMS OF 

OVEN DRIED 

LEAF 

Nitrate-N 

IN ONE 
GRAM OF 

TOTAL 

SOLIDS 

Total sol- 
ids IN 100 

GRAMS OF 

FRESH LEAF 

Nitrate-N 

IN ONE 

GRAM OF 

FRESH LEAF 


mg. 

mg. 

mg. 

mg. 

mg. 

A 

Control, A-l 






a 

3.35 

91.5 

3.66 

10.52 

0.385 

b 

3.31 

94.1 

3.52 

10.54 

0.871 

e 

3.05 

88.9 

3.43 

11.28 

10.8 av. 

0.387 

. 

Water cultured 






43 hr., A-2 

3.88 

94.8 

4.09 

10.8 

0.442 

64 hr., A-3 

3.54 

95.6 

3.70 


0.400 

Air dried 






72 hr., A-5 1 

4.56 

93.7 

4.87 


0.526 

144 hr., A-6 

4.99 

95.5 

5.23 

. ■ 

0.564 

B 






Control, B-l 

Water cultured 

1.51 

91.7 

1.64 

11.8 

0.195 






45 hr., B-2 

1.54 

89.5 

1.72 


0.203 

66 hr., B-3 

2.37 

90.0 

2.64 


0.311 

90 hr., B-4 

2.37 

89.7 

2.64 


0.311 

Air dried 






66 hr., B-5 

2.51 

91.0 

2.76 


0.326 

138 hr., B-6 

4.15 

91.1 

4.56 


0.538 

220 hr., B-7 

1.97 

93.8 

2.10 


0.248 


results show that the differences in values for nitrate and total solid content 
are well within the range of experimental error and the conclusion that a 
mixture of many leaves yields fairly uniform samples seems justified. 

Many observations (2, 4, 5, 7, 8, etc.) confirm the selective storage of 
nitrates in different structural parts of a plant. It is not possible to insure 
a similar weight ratio of blade, rib, and petiole in all groups of leaves. Thor- 
ough mixing of the ground dried material from a large number of leaves 
was the method used in meeting this second source of error. 

While it is probable that no nitrate was lost in drying at the temperature 
used, the same assumption cannot be made in regard to volatile oils and, per- 
haps, to chemically combined water. It may well be that the weight of the 
total solids varies depending upon whether the leaves are, or are not, air 
dried before heating. To test this, two one-leaf samples of Swiss chard (lot 
B) were weighed in duplicate; one was oven heated immediately for five 
hours, then dried to constant weight in a vacuum desiccator over concentrated 
sulphuric acid ; the other was air dried for three days before it was heated 
and dried in vacuo. The values for the weight of total solids in 100 grams 
of fresh leaf, as obtained in these two ways, were 7.06 and 7.36 grams. No 
increased loss of weight had resulted from the exposure of the chard leaves 
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to the air for three days before heating. A similar cheek was not made with 
tomato leaves. 

Summary 

Swiss chard and tomato leaves when subjected to air drying at room tem- 
perature in a well ventilated place showed, for a limited time, an increase in 
nitrate content. The change was more pronounced in the tomato than in 
the chard and varied in two lots of leaves grown from the same seed but 
under different conditions. 

Both Swiss chard and tomato leaves when cultured in distilled water, in 
absence of light, gave evidence of slight nitrate formation. Again the 
increase in nitrate varied with the nature and condition of the leaf. 

These observations are in agreement with that of Vickery et al . who, in 
1933, reported an increase in the nitrate content of tobacco leaves during the 
early stages of curing and water culture. 

The writers wish to acknowledge their indebtedness to Dr. H. B. Vickery 
and Dr. G. W. Pucher for advice in carrying out this investigation. 
Department or Chemistry 
Connecticut College 

New London, Connecticut 
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FORMATION OF CAROTENOIDS AND CHLOROPHYLLS IN 
ETIOLATED BARLEY SEEDLINGS EXPOSED 
TO RED LIGHT 

H ahold H. Strain 
(with one figure) 

Introduction 

For the investigation of many of the problems pertaining to the metabo- 
lism and function of the leaf pigments, it would be desirable to vary the 
relative proportions of the several leaf pigments in any given plant through 
changes in the environment. Average pigment determinations reported by 
Rudolph (1) have already indicated that red light, which promotes the 
formation of chlorophyll, does not stimulate the formation of the yellow 
pigments in etiolated bean leaves, but the individual determinations, were 
subject to great variation. Moreover, etiolated bean leaves contain rela- 
tively large quantities of carotene and xanthophylls in nearly the same pro- 
portions found in green leaves, so that, for demonstration of the effect of red 
light on the formation of carotenoids in these seedlings, extremely precise 
determinations of the pigments were required. 

Investigations in this laboratory have shown that etiolated barley leaves, 
in contrast with the etiolated bean seedlings, contain very small quantities 
of carotene relative to the xanthophylls. These investigations also made 
possible the precise determination of the carotenoid pigments, because it was 
found that the rapid oxidation of the yellow pigments which takes place 
when the etiolated leaves are ground with sand and acetone during the ex- 
traction of the pigments may be prevented by treatment of the leaves with 
hot water (4). By the use of the improved methods of analysis, it was pos- 
sible to determine accurately the effect of red light on the formation of the 
carotenoids in etiolated barley plants. 

When etiolated barley seedlings are exposed to red light, both carotene 
and chlorophylls increase rapidly. The xanthophylls, comparatively large 
quantities of which are present in the etiolated barley seedlings, increase 
more slowly. Investigation of the pigments of etiolated barley seedlings, 
which had been impregnated with sucrose and kept in the dark, demon- 
strated that the presence of sucrose did not promote the formation of caro- 
tene or chlorophyll. Determination of the absorption spectra of lutein 
acetate and of beta-carotene demonstrated that lutein and beta-carotene, the 
principal constituents of the leaf carotenoids, absorb considerable light in 
the red region of the spectrum in which chlorophyll exhibits maximum ab- 
sorption. Since etiolated barley seedlings contain extremely little green 
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pigment, the red light absorbed by the yellow pigments in these plants must 
represent a large proportion of that absorbed by all the pigments that are 
present. Whether the formation of the carotene in red light is dependent 
npon the absorption of light by the yellow pigments or upon other factors 
remains to be established. 

Experimentation 
Plant material 

Etiolated barley seedlings were obtained by germinating barley seeds in 
6-inch square boxes in the dark room. All the seedlings were grown in the 
same soil in order to insure comparable nutritional conditions. 

Apparatus 

The apparatus for the illumination of the seedlings was constructed from 
a metal can 13 x 9 x 9 inches. Light of the desired wave length was admitted 
to the can through two 64-inch square glass filters set in modeling clay over 
openings in the top of the can. A 100-watt, inside-frosted tungsten lamp 
was placed 3 inches above each of the glass filters. Ventilation for the light 
chamber was provided by means of flexible metal tubing 1J inches in 
diameter and 34 feet long soldered to openings in each end of the can. One 
tube was bent upward in the shape of an 8 ; the other was bent downward 


TABLE I 

Transmission of light by red glass filters 


Filter I 

Filter II 

Wave length 

Transmission 

Wave length 

Transmission 

m\x 

% 


% 

590 

0.00 

627.5 

0.00 

595 

0.17 

630 

0.14 

600 

1.8 

632.5 

0.27 

605 

9.7 

635 

0.87 

610 

24.4 

637.5 

2.28 

615 

39.7 

640 

6.1 

620 

48.9 

642.5 

12.5 

625 

55.4 

645 

21.7 

630 

58.8 

647.5 

32.4 

640 

61.6 

650 

43.8 

650 

63.8 

655 

58.3 

660 

65.8 

660 

64.8 

670 

■ 65.3 

670 

71.5 

680 

67.2 

680 

72.4 



690 

73.3 



700 

74.4 
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in the shape of an 8 . In order to prevent direct admission of light to the 
tubing, black baffles, 6 inches square, were placed 3 inches from the open 
ends. Temperature within the light chamber varied from 21 to 26.6°. 

Typical spectral transmissions of the two types of glass filters used to 
obtain red light are shown in table I. These values were subject to some 
variation due to imperfections in the surface and to variation in the thick- 
ness of the glass. The transmission curves and the absorption of light by 
solutions of the pigments extracted from the leaves were determined with 
the photoelectric spectrophotometer described by Smith (2). 

In order to make certain that the etiolated plants were exposed only to 
light of the wave lengths transmitted by the red filter, blue glass filters were 
placed over the red glass filters, and etiolated plants were grown in the light 
chamber while the tungsten lamps were allowed to burn continuously. 
After several days, the plants did not contain increased quantities of caro- 
tene or green pigments. This indicated that stray light was not entering the 
light chamber and that blue light was not transmitted by the red glass filters. 

Determination of pigments 

Samples of the leaves (5 gm.) were placed in water at 95-100° for 1 
minute. The water was separated by decantation and the leaves were 
ground with sand (12.5 gm.) and a little acetone. The ground mass was 
placed on a filter consisting of heat-treated siliceous earth supported on cot- 
ton, and the solvent was removed from the leaf material with suction. The 
residue was then washed with acetone until all the pigments had been re- 
moved. After the addition of ether (75 ml.) to the filtrate containing the 
pigments (75 to 100 ml.), the pigments were transferred to the ether by 
further dilution of the solution with water (about 200 ml.). The aqueous 
layer was separated from the ether and re-extracted with fresh ether (40 
ml.). The combined ether layers were washed well with water and rinsed 
into a volumetric flask (100-ml.) with ethanol. An aliquot portion of this 
solution was diluted several times with ethanol, and the absorption of the 
solution was determined. Another aliquot portion of the solution of pig- 
ments was treated with a solution of potassium hydroxide in methanol in 
order to saponify the chlorophylls. The saponified chlorophylls were sepa- 
rated from the yellow pigments by washing the solution with water after the 
addition of some ether. The ether solution of the carotenoids was trans- 
ferred to a volumetric flask and diluted to volume with ethanol. An aliquot 
portion of this solution was diluted with ethanol and the absorption was 
determined. Another aliquot portion of the solution of the carotenoids was 
diluted with petroleum ether, and the pigments were transferred to the 
petroleum ether by the addition of water to the solution. The petroleum 
ether solution was then extracted successively with 60, 70, 80, and 90 per 
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cent, methanol in order to remove the ether and the xanthophylls. The 
petroleum ether solution of the carotenes was diluted to a definite volume 
with ethanol, and the absorption was determined. 

Experience with the leaf xanthophylls had demonstrated that leaves con- 
tain a mixture of these pigments which differ from one another with respect 
to their spectral absorption properties (3) . In order to compare the xantho- 
phyll, carotene, and chlorophyll content of leaves which had been permitted 
to develop under various conditions, it was necessary to calculate the spec- 
tral absorption coefficients of the pigments per gram of leaf material per liter 
of extract. In order to prevent confusion with E , the symbol for the absorp- 
tion coefficient per gram of pigment per liter of solution, the following 
symbols have been used : 

s = (log I 0 — log I) (1/Lc) 

where I 0 and I are respectively the transmission of L cm. (2 cm.) of solvent 
and solution. The concentration, c, is expressed in grams of leaf material 
per liter of extract. Since s(total pigments), s(total carotenoids), and 
s( carotene) were determined experimentally, 


and 


s (chlorophyll) =s (total pigments) -s (total carotenoids), 
s (xanthophyll) = s (total carotenoids) - s (carotene) . 


Results 

The results of several experiments are summarized in table II. In 
experiment I, the pigments of etiolated barley seedlings 12 days old were 
determined. In experiment II, etiolated barley seedlings 5 days old were 
exposed continuously for 89 hours to light from filter I. For experiment 
III, the seedlings were exposed continuously for 168 hours to light from 
filter I. The plants for experiment IV were exposed continuously for 48 
hours to light which passed through two glasses of filter II. In experiment 
V, the etiolated seedlings were exposed continuously for 96 hours to light 
which passed through two glasses of filter II. 

The pigment content of etiolated barley seedlings which had been impreg- 
nated with 7.5 per cent, sucrose solution is recorded under experiment VI in 
table II. The etiolated seedlings, 9 days old, were cut so that' the leaves 
were about 3 inches long. These leaves were impregnated with the sucrose 
solution by alternately exposing the leaves to vacuum in the presence of the 
sugar solution and then releasing the vacuum. The impregnated leaves were 
permitted to stand in the dark with their cut ends in a little of the sucrose 
solution;. After 15 hours the leaves were removed from the solution, killed 
in hot water, and the relative proportions of the carotenes and xanthophylls 
were determined. 



STRAIN : FORMATION OF CAROTENOIDS AND CHLOROPHYLLS IN BARLEY 417 


TABLE II 

Formation op pigments in etiolated barley seedlings exposed 

TO VARIOUS CONDITIONS 


LENGTHS 

Wave 

Pigments 

Absorption 

COEFFICIENTS in experiments 

I 

II 

III 

IY 

V 

VI 

W(Ll 


s 

s 

s 

s 

s 

s 


Carotene 

0.0010 

0.0085 

0.0078 

0.0068 

0.0071 

0.0016 1 

440 

Xanthophyll 

0.0177 

0.0260 

0.0239 

0.0199 

0.0196 

0.0217 


Chlorophyll 

0.0003 

0.0415 

0.0360 

0.0248 

0.0311 



Carotene 

0.0010 

0.0096 

0.0087 

0.0078 

0.0081 

0.0016 

455 

Xanthophyll 

0.0139 

0.0209 

0.0188 

0.0157 

0.0158 

0.0177 


Chlorophyll 

0.0001 

0.0195 

0.0182 

0.0101 

0.0155 

> 


Carotene 

0.0009 

0.0083 

0.0076 

0.0066 

0.0068 

0.0013 

465 

Xanthophyll 

0.0188 

0.0214 

0.0189 

0.0166 

0.0159 

0.0174 


Chlorophyll 

0.0000 

0.0208 

0.0192 

0.0110 

0.0161 



Carotene 


0.0087 

0.0077 

0.0069 

0.0071 

0.0014 

475 

Xanthophyll 


0.0217 

0.0196 

0.0171 

0.0163 

0.0196 


Chlorophyll 


0.0154 

0.0130 

0.0070 

0.0118 

1 

662 

Chlorophyll 


0.0467 

0.0437 

0.0301 

0.0373 


664 

Chlorophyll 

0.0000 

0.0473 

0.0447 

0.0302 

0.0375 

0.0000 

666 

Chlorophyll 


0.0453 

0.0422 

0.0295 

0.0356 

' ■ i 



Fig. 1. Molecular absorption spectra of (3-carotene, curve I; of lutein acetate, curve 
II. Solvent is carbon disulphide. 
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Molecular, spectral absorption curves of beta-carotene and of lutein ace- 
tate in solution in carbon disulphide are shown in figure 1. Since it was 
impossible to obtain a sufficiently concentrated solution of lutein in carbon 
disulphide for the determination of the absorption coefficients in the red 
region of the spectrum, it was necessary to use the more soluble acetate. 
This ester of lutein exhibits molecular absorption coefficients identical with 
those of lutein in the spectral region from 400 to 530 nifj. The molecular 
absorption coefficients were calculated according to the formula : 

log E = log [(log Io-log I) (1/Lc) ] 

where the concentration, c, is expressed in moles per liter of solution. Even 
considering the shift in the absorption spectra of the carotenoids caused by 
carbon disulphide ( 2 ), these pigments absorb considerable light in the red 
region of the spectrum in which chlorophyll exhibits maximum absorption. 
Carnegie Institution of Washington 
Stanford University, California 

LITERATURE CITED 

1. Rudolph, H. tlber die Einwirkung des farbigen Liehtes auf die Ent- 

stehung der Chloroplastenfarbstoffe. Planta 21 : 104-155. 1933- 
34. 

2. Smith, J. H. C. A comparison of absorption spectra measurements on 

a-carotene, (3-carotene and lycopene. Jour. Amer. Chem. Soc. 58: 
247-255. 1936. 

3. Strain, H. H. Leaf xanthophylls. Science n.s. 83 : 241-242. 1936. 

4. , Carnegie Inst. Washington Year Rook 35 : 200. 1936. 



A PHOTOELECTRIC PHOTOMETER FOR CHEMICAL ANALYSIS 
B. N. Singh and 1ST. K . Anantha Rao 
(with three figures) 

Introduction 

Colorimetric methods have in recent years assumed considerable impor- 
tance in chemical analytic procedures. The advantages inherent in these 
methods are their extraordinary simplicity, expeditious nature, and the 
possibility of measuring quantitatively with their aid concentrations which 
are measurable only with great difficulty, if at all, by gravimetric methods. 
On the other hand certain inherent imperfections of the method need elimi- 
nation. Some of the sources of error are the disparities in color of standard 
solutions, the necessity for dilution at higher concentrations, and the depen- 
dence on the ability of the eye to match varying depths of color, an operation 
in which the human eye is notoriously inefficient. Moreover color blindness, 
a defect not uncommonly met, stands as a serious draw-back in the use of 
these methods. 

The frequent necessity of making a large number of quantitative estima- 
tions of sugars and other substances in physiological researches has repeat- 
edly called for simplifying the procedure so as to eliminate the possibilities 
of personal error in observations, to detect more minute differences than is 
possible by preceding methods, and to be applicable to varied purposes. 
With this object in view the apparatus described here was developed in this 
laboratory and has been in use for some time. 

Principle 

The general principle of the apparatus is similar to the one that has been 
developed in this laboratory for chlorophyll estimation (3) . In devising this 
apparatus for the chemical analysis of sugars and other organic and inor- 
ganic substances, use has been made of the principle of determining the 
concentration of the substance occasioning a definite color reaction by the 
measurement of light absorption in the solution within an appropriately 
selected region of the spectrum. Following the well-known Lambert-Beer 
law — “The negative logarithms of the transmitted light intensities K (ex- 
tinction coefficient) at equal stratum thickness bear the same proportion 
to each other as the concentrations, C, of the dissolved substances,”— 
the concentration in any particular ease is calculated from the equation 

(L=Ci When once a series of measurements is recorded in the same 
2 1 K 1 

region of the spectrum, on a suitably graduated range of solutions having 
known concentrations, a calibration graph is obtained from which the con- 

419 



420 


PLANT PHYSIOLOGY 


eentration corresponding to any observational reading may then be read off 
directly. 

Apparatus 

The apparatus is shown in figure 1. A constant source of light, L, sup- 
plies two equal beams of light which fall on the absorption vessels, and 
V 2 . The transmitted lights from the absorption vessels pass through the 



openings, O x and 0 2 , whose sizes can be measurably varied. S x and S 2 are 
two slots for the reception of the spectral filters within the range of which a 
particular measurement is to be made. The transmitted lights from the two 
sides then fall on the two photoelectric cells, P x and P 2 , respectively (Osram 
photocell, Caesium. C. G. I. Becker and Co.), which emit currents in direct 
proportion to the light energies absorbed on their faces. The photoelectric 
emission produced by two beams of the same quality and quantity is the same, 
and hence if the quality is unchanged and the quantity alone varies, the rate 
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of current emission would be proportional to the quantity of light. A com- 
pensating device which converts direct reading into null-method is employed, 
the balance being effected by adjusting the lights that alter the photoelectric 
currents. The circuit is essentially of the bridge type, R x and R, being the 
protective resistances (10,000 ohms), and G a sensitive null-point galva- 
nometer. The differences, if any, in the two cells are eliminated by the use 
of the common battery shunted by r. 

The caesium cell is specially selected on account of its even sensitivity in 
response to light over the whole visible range. 

Figure 2 illustrates the light diminution arrangement. Bach of the 

FI 



Fig. 2. Arrangement for diminution of light. 

openings, 0* and 0 2 , are formed by two rectangular V-shaped jaws, J ± and 
J 2 . The latter can be moved, one above the other, either towards or away 
from each other, in such a way that the centre of the aperture always coin- 
cides with the optic axis. The ratio of the two amounts of light transmitted 
is proportional to the ratio of the two areas of the apertures. The gradua- 
tions 1 etched on the recorder, W, give a measure of the transmitted light as a 
percentage of the incident light. The scale on the recorder represents 100 
as the largest opening and 0 the smallest. 

The measurement is made within the range of a narrowly defined region 
of the spectrum which is furnished by selective spectral filters, dividing the 
visible spectrum into eight equal parts in terms of wave-lengths (750mp, 
690mp, 610mjj, 570mp, 530mjj, 500mp, 460mp and 430mp). To make the 
values obtained with the different spectral filters comparable, corrections 
are made by comparing each filter in turn with one (430mjj) taken as the 
standard. The transmission value should be multiplied by the correction 
factor (obtained as above) for the filter used. 

*If D = diagonal of the square aperture ( 0 1} 0 2 ), d = the variable diagonal between 
0 and D, a = value of the angle between 0 and 360° through which W turns, and i = inten- 
sity of the light (the area of the aperture) then 

(1) i= d from 0 to D, for i from 0 to 1, and for a from 0 to 360°, and 

(2) a = Vi • 360° = 0 up to 360°, for i from 0 to 1. 
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Procedure and accuracy 

It is first necessary to determine the extinction of a solution of known 
concentration in order to be able to calculate in a simple manner any desired 
concentration from the amount of its extinction in the same region of the 
spectrum. 

The filters required for the measurement are introduced one on each side 
(S x and S 2 ). The two beams of light are then adjusted to equal intensity as 
indicated by the null-point. For obtaining this, r may be used as a fine 
adjustment. The colored solution of the substance in a known concentra- 
tion is filled into an absorption vessel ( V a ) of suitable stratum thickness 2 and 
brought into the path of one of the beams of light. An absorption vessel of 
similar stratum thickness is filled with the solvent 3 (treated in exactly the 
same way as the solution) and brought into the path of the other beam of 
light. This compensates absorption in the solvent and the loss of light on 
the sides of the absorption vessels. More light is now absorbed by the solu- 
tion (VJ than the solvent (V 2 ) and thus the photoelectric currents become 
unequal. Consequently the bridge is thrown out of balance and this is indi- 
cated by the deflection of the galvanometer. The recorder, W, on the side 
of the solvent is now slowly turned in, i.e., the transmitted light on this side 
is diminished until the null-point is again restored. After noting the value, 
the absorption vessels and the contents are interchanged and a second mea- 
surement taken. This compensates variations in the wall thickness, if any, 
of the absorption vessels. From the average of the readings, the extinction 
coefficient is extracted. This preliminary experiment gives and C r The 
test solution is then estimated as above and the value for K 2 is obtained. 
Knowing C 2 , K 1? and K 2 , C 2 is easily calculated from the equation. 

A brief account of the practical procedure of sugar estimation with the 
above apparatus following Benedict's picric acid method (1) is described 
in the following paragraphs. 

The sugars are extracted from the plant material by the method of 
Dastur as followed by Parija and Saran (2). The material is boiled in 
water for over 30 minutes, and is then thoroughly crushed in a mortar till a 
very fine paste is obtained. The water in which the leaves are boiled is used 
in making up the volumes of the pastes. The filtrate which contains the 
sugars is freed from impurities by adding lead acetate and subsequent delead- 
ing. The final filtrate is concentrated on a water bath and again filtered for 
the last time. Two ce. of this sugar solution are taken in a test-tube marked 
at 12.5 cc. and 25 ce. To the 25-cc. mark the picrate picric acid reagent is 
added, left for a few minutes and the whole thing filtered. Eight cc. of the 
filtrate are poured into a similar test-tube and 1 cc. of 20 per cent, sodium 

2 To "be determined according to the experiment. 

3 With dear aqueous solutions this vessel is filled with distilled water. 
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carbonate solution is added. The test-tube is then plugged and immersed in 
boiling water for 10 minutes, cooled, and diluted to the mark. A brown 
color is obtained owing to the presence of the reducing sugars. 

An equal quantity of distilled water is then treated in the same manner 
as the sugar solution. 

The measurement is then made as described above. From the reading 
obtained, the concentration is read off directly from a calibration curve 
(%. 3). 



CO/tfClHTXArtON to PEftCENTAef 

Pig. 3 

The determination of K, and thus also the determination of the concen- 
tration, becomes more accurate the greater the absorption of the solution 
under investigation. Hence accuracy can be increased by increasing the 
stratum thickness, as can be seen from table I. 


TABLE I 

Estimation or a single sample of glucose (0.4 gram per liter) using different 

STRATUM THICKNESSES 


Stratum thickness 

i ■ '■■■■■■ 

Transmission 

Extinction co- 
efficient (K) 

Percentage error 
in conc. (O) 

mm . 

% 


% 

5 

90 

0.046 

±4.96 

10 

70 

0.155 

± 3.35 

30 

50 

0.301 

± 2.14 

40 

30 

0.523 

± 1.43 

50 

20 

0.699 

± 1.22 . 

60 

10 

1.000 

± 1.035 

70 1 

5 

1.301 

± 0.817 
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For general purposes a stratum thickness which gives a transmission value 
between 50 per cent, and 10 per cent, can be chosen. Similarly, a filter which 
gives the smallest transmission value for the solution increases the accuracy 
of the estimations. In cases of divergencies from the Lambert-Beer law, 
evaluation with the aid of a calibration curve is to be resorted to. With 
the above conditions satisfied, an accuracy of ± 2.24 per cent, is easily 
obtainable in practice. 

Some of the special advantages of the apparatus are : 

(1) Elimination of the use of standard solutions. 

(2) Compensation of the loss of light in the solvent and on the windows 
of the absorption vessels. 

(3) Results are arrived at by exact physical measurements. 

(4) Elimination of the necessity for diluting the solutions at higher con- 
centrations by changing the stratum thickness. 4 Intensely colored solutions 
may be measured without being diluted by reducing the strata down to a 
few p, while faintly colored solutions may be measured by employing strata 
of greater depths. 

(5) Elimination of the possibilities of personal error in observation. 

Applications 

The apparatus can be employed for varied purposes. The chief of them 
are: 

(1) For determination of concentrations. 

(2) For obtaining absorption curves: the measurement is made using 
all the filters, and the extinction coefficient (K) values thus obtained are 
plotted against the wave lengths. Such curves characterize the absorption 
properties of the substance for the particular concentration used. 5 

(3) For obtaining color curves .* the 1 logarithms of the extinction coeffi- 
cients (K) are plotted against the wave lengths. The form of these curves 
is independent of the concentration and stratum thickness and unambigu- 
ously characterizes the nature of the absorption of the substance in solution. 5 

(4) For cheeking the purity of solutions: if the test solution is quite 
pure the logarithms of the extinction coefficient (K) obtained with various 
filters maintain a certain constant relation to one another, the color 
curves run parallel to each other. This is of importance in extraction and 
purification of substances. 

The apparatus has also been successfully employed in this laboratory for 

4 The transmission is dependent upon stratum thickness according to the Lambert- 
Beer law. 

5 (2) and (8) are employed in the study of the spectro-photometric properties of sub- 
stances. A detailed account of the spectro-photometric properties of chloroplast pigments 
will appear elsewhere shortly. 
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the determination of nitrogen with Nessler’s reagent, and of phosphorus as 
phosphomolybdate. In all these cases, as well as for other methods of organic 
and inorganic estimations the procedures detailed by Yoe (4) for colorimetry 
are applicable with the necessary modifications. 

Summary 

1. A photoelectric apparatus for chemical analytic purposes is described. 

2. The principle of the apparatus is the measurement of light absorption 
of a solution within a narrowly defined region of the spectrum with the aid 
of a measurably variable light diminution. 

3. The special advantages and applications of the apparatus are given. 

4. The accuracy is dz 2.24 per cent. 

Institute of Agricultural Research 

Benares Hindu University, India 
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BRIEF PAPERS 

APPLICABILITY OF KUNDT’S RULE TO CHLOROPHYLL 
G. Mackinnet 
(with one figure) 

Kundt’s rule is frequently quoted, either in reference to the state of 
chlorophyll in the living leaf (3), or in comparing absorption spectra of 
chlorophyll preparations in different solvents (6). Its use in these respects 
is usually based on a determination of the wave length of maximal absorption 
for the main red band. Certain observations (5), indicating an apparent 
shift in the position of this maximum, may be explained on the basis of dif- 
ferent degrees of skewness of the chlorophyll absorption band, and because 
of the relevance of these observations to Kundt ’s rule, evidence is reviewed, 
denying the rule either general significance or specific applicability to 
chlorophyll. 

As summarized in 1878 (4), Kundt’s rule is a statement (Satz) : “Man 
kann mithin als Resultat der ganzen Untersuchung den folgenden Satz 
aussprechen: Hat ein farbloses Losungsmittel ein betrachtlich grosseres 
Breehungs- und Dispersions-vermogen als ein anderes, so liegen die Absorp- 
tionsstreifen einer in den Medien gelosten Substanz bei Anwendung des 
ersten Mittels dem rothem Ende des Spectrums naher als bei Benutzung des 
Zweiten.” Houstoun (2) writes of this (p. 331): “Kundt in 1874 dis- 
solved substances that produced absorption bands, using different solvents, 
and found that the position of the band varied with the solvent. ” Houstoun 
then quotes Kundt’s conclusions and he comments: “This statement is not 
true ; the band moves as often the one way as the other, and generally there 
is a marked change in intensity and shape, in comparison with which the 
shift in position can be neglected.” Discussing anomalous or “selective” 
dispersion, Houstoun has derived formulae relating the indices of refrac- 
tion, N (of the solution), n (of the solvent), and the absorption coefficient k, 
as a function of wave length, A. If X 0 represent the wave length of free 
period of vibration of an electron, then absorption will be encountered for 
the condition X —> A 0 - It does not seem possible that one may predict, 
a priori , for a hitherto unused solvent of refractive index n x , whether N, A 0 , 
or both will be affected, nor whether they will necessarily follow the direction 
indicated by Kundt’s rule. 

Kundt’s rule is ordinarily applied to chlorophyll by considering the wave 
length of maximal absorption as a function of the refractive index of the 
dissolving medium. In most organic solvents, this maximum lies between 
6550 and 6700 A, while for colloidal chlorophyll, it is close to 6800 A, and 
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for chlorophyll in vivo , between 6800 and 6820 A. The curve relating these 
quantities is then extrapolated to 6800 A, and on the assumption that 
Kundt's rule is obeyed, it is concluded that a medium of abnormally high 
refractive index would be required, and that therefore chlorophyll cannot 
be in true solution in the chloroplast. The concomitant requirement of 
Kundt, “ein betrachtlieh grosseres Dispersions-vermogen, ? ’ has been largely 
overlooked, with one notable exception. Thus Sorby (8) also noted that the 
exact position of the absorption bands of chlorophyll varied considerably 
according to the solvent, even though inert. “I have carefully determined 
the order in which various liquids thus raise bands, and compared it with 
the order of their specific gravity, and of their refractive and dispersive 
power, but have hitherto failed to recognize any simple connexion between 
what may be called their land-raising power and any other physical prop- 
erty. ’ ’ (Italics as in the original.) 

The extensive measurements of Biermacher (1) on the pure components 
of chlorophyll indicate several exceptions to the rule. The writer has also 
found a specific example of failure, for the blue component, in acetone N D 
1.35886, and in dichloroethane N D 1.45026. The maxima, determined spec- 
trophotoeleetrieally, lie at 6630 A =h 5 A, and the shapes of the two curves 
are virtually identical over the whole band for these two solvents. 

In denying, therefore, a specific applicability of the rule to chlorophyll, 
we may briefly examine the causes of certain apparent shifts in the position 
of maximal absorption. When comparisons are made, either in different 
solvents, or for different preparations, the degree of skewness may introduce 
an appreciable error in the location of the maximum. The band “axis” 
determined by visual or photographic methods, may not coincide with the 
maximum. A study of the absorption for the whole band is therefore desir- 
able, prior to locating the position of the maximum. Yisual photometry 
yields results that are reproducible within quite narrow limits, certainly 
within rfc 15 A, for a given observer. Smith (7) has taken into account the 
visibility curve in explaining certain discrepancies, between different labo- 
ratories. The reasoning may be extended for chlorophyll to show that in 
the red portion of the spectrum, where within 200 A, the absorption coef- 
ficient for chlorophyll may change by two orders of magnitude, or more, and 
the visibility function is rapidly approaching zero, the results, however 
reproducible, may be peculiarly unreliable, particularly in view of the skew- 
ness of the band, caused by the introduction of the l component, and the 
superposition of its absorption on that of chlorophyll a. This has been indi- 
cated (5) in a comparison made between pigments from leaves and from 
Sultanina grapes, where the visually determined maxima did not agree 
within 50 A, because of an illusory displacement of the true maximum. This 
is further illustrated in figure 1, where two curves are shown, determined 
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X in Angstrom units 
o Blue Green Alga 
• Clover 


Eig. 1. Curves illustrating the observed band limits of chlorophyll preparations (for 
explanation see text). 

spectrophotoelectrically, both in 80 per cent, aqueous acetone, one for the 
pigments from a blue green alga, deficient in chlorophyll b, the other for 
clover, considerably richer in this component. If we use a visual instrument 
and arbitrarily set the photometer at a given transmission level, we may plot 
an appropriate function of the transmission (in this case, the double loga- 
rithm of the reciprocal), as a line, designated XX 1 in the figure, and the 
observed bands will have as limits the intercepts of the curves with this line, 
namely YY 1 and ZZ 1 , repectively. As the line XX 1 is moved up the Y 
ordinate, the observed difference is minimized but not in practice entirely 
eliminated. 

Conclusions 

The degree of skewness of the absorption curve for chlorophyll solutions 
(which may be caused by a change either in the dissolving medium or in the 
ratio of the two components) may introduce an appreciable error in the loca- 
tion of the wave length of maximal absorption. Because of the relevance 
of these observations to Kundt ' s rule, his original statement has been exam- 
ined. It is of interest that Sorby, contemporary with Kundt, came to 
directly opposite conclusions. In justice to Kundt, no law was formulated. 1 

i Although not strictly germane to the subject of this note, Kundt's attitude is re- 
flected in the following passage (4b) : * f Der Nachweis, in wie weit die sammtlichen oben 
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His statement lias been found on more searching scrutiny to contain too 
many exceptions, and receives no theoretical support. With specific refer- 
ence to chlorophyll, Biermacher has noted several exceptions, and the writer 
has found a similar ease with acetone and dichloroethane as solvents. 
University of California 
Berkeley, California 
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dargelegten Ansehauungen wirklich in Uebereinstimmung mit der Natur sind, und Hire 
weitere Ausarbeitung wird die Aufgabe von Specialuntersuchungen sein miissen. Bis 
diese vorliegen, wird es gut sein noch andere Speculationen, die man allerdings mit 
Leiehtigkeit an das Vorstehende ankniipfen konnte, zu unterlassen. ’ ? 
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Summer Meeting, Ottawa, Canada. — The summer meeting at Ottawa, 
Canada, to he held June 28-30, 1938, in connection with the A.A.A.S. sum- 
mer meeting, offers many attractive features. Several symposia are being 
organized, in addition to the general program, and the inspection trips and 
demonstrations at the Experimental Farm and National Research Labora- 
tories. The suggested symposia topics include Microelements and Deficiency 
Diseases, to be held jointly with phytopathologists; and Drought Relations, 
held jointly with geneticists. 

The arrangements are being guided by Dr. G. W. Scarth, of McGill 
University, chairman of the program committee for this meeting. Collabor- 
ating with him as members of the committee are Mr. B. M. Davis, Division 
of Horticulture, Experiment Farm, Ottawa; Dr. Robert Newton, National 
Research Council, Ottawa; Dr. R. D. Gibbs, Department of Botany, McGill 
University; and Dr. F. P. Cullinan, ex officio. The headquarters have been 
arranged at the Chateau Laurier, Ottawa. This event provides opportunity 
for a lively exchange of ideas with our Canadian colleagues, and for a visit 
to the Canadian seat of government under the most auspicious circumstances. 
Those who were fortunate enough to attend the meetings at Toronto in 1921, 
and 1924 (British Association), know the lavish hospitality of Canadian 
hosts. There should be a large attendance from all sections of North 
America. 

Richmond Meeting. — The program committee for the Richmond meeting 
in December, 1938, is constituted as follows : Dr. W. R. Robbins, New Jersey 
Agricultural Experiment Station, chairman; Dr. H. H. Zimmekley, Vir- 
ginia Truck Experiment Station, Norfolk, Virginia; and Dr. Daniel G, 
Clark, Cornell University. The secretary-treasurer, Dr. F. P. Cullinan, 
is ex officio member of the committee. This meeting will be held December 
27-29, 1938 ; those who plan to appear on the programs should make plans 
early, so that the program committee can organize the papers into suitable 
groups, and provide commodious rooms for our meetings. Close cooperation 
with the committee in all matters pertaining to the arrangements is neces- 
sary for most effective service. 

Western Section. — -The Western Section of the American Society of 
Plant Physiologists will meet with the Pacific Division of the A. A. A. S. at 
San Diego, Tuesday to Friday, June 21-24, 1938. Headquarters will be in 
Balboa Park, the site of the 1915-1916 and 1935-1936 San Diego Exposi- 
tions. No hotel has been designated as official. The leading hotels of the 
city are within 15 minutes walking distance of the grounds. 
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The tentative program consists of sessions for submitted papers on Tues- 
day, Thursday, and Friday mornings; a joint symposium with the Western 
Society of Soil Science on Salt Tolerance of Plants and Belated Problems , 
Dr. F. M. Eaton, chairman, on Tuesday afternoon ; a joint symposium with 
the section on botanical science on Plant Invasion on the Pacific Coast on 
Wednesday morning; a joint symposium with the Pacific Section of the 
Botanical Society on Cell Wall Structure , Dr. 0. L. Sponsler, chairman, 
on Wednesday afternoon; and a joint symposium with the Pacific Section 
of the Botanical Society on a Resume of Progress in Plant Science on 
Thursday afternoon. A biologists ’ dinner is scheduled for Wednesday eve- 
ning, and the present plans call for a plant physiologists ? dinner on Thurs- 
day evening. 

George James Peirce. — The American Society of Plant Physiologists, as 
a mark of its esteem and affection for him, has dedicated this number of 
Plant Physiology, in celebration of his seventieth birthday anniversary on 
March 13, 1938, to Dr. George James Peirce of Stanford University. Dr. 
Peirce was born at Manila, Philippine Islands, son of George Henry and 
Lydia Ellen (Eaton) Peirce. Following his preliminary education, he 
entered the Lawrence Scientific School of Harvard University from which 
he received his degree of Bachelor of Science in 1890. Two years later he 
was awarded a fellowship at Harvard which permitted him to go abroad, and 
he spent two years, 1892-1894, at Bonn, Munich, and Leipzig. His higher 
degrees, M.S. and Ph.D., were won at Leipzig in 1894. 

During the first two years following his European study, he was assistant 
professor of botany at Indiana University. In 1897 he married Anna 
Hobart of Cincinnati, and went to Stanford University where he found 
his life work. He was assistant professor of botany there from 1897 to 1900, 
associate professor to 1910, professor since 1910, and now emeritus professor 
at Stanford. He has collaborated in various public services, with the United 
States Forest Service, the Department of Justice, the Palo Alto Board of 
Health, the Red Cross, and the California Fuel Administration during the 
World War. He is a member of many societies, both American and foreign, 
has written several text-books on plant physiology and biology, and has been 
honored with the presidency of the California Botanical Society (1931), and 
the Botanical Society of America (1932). The American Society of Plant 
Physiologists honored him at the Des Moines meeting in 1929 by selecting 
him as a Charles Reid Barnes life member of the society. It is a pleasure 
at this time to extend to him the affectionate and cordial greetings and good 
wishes of the Society for many more years of activity, with health and 
strength to enjoy them. 

Errata. — Additional errors in the first three numbers of volume 12 of 
Plant Physiology have been reported to the editor, and they are listed in 
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the hope that members will make corrections in their copies of the journal. 
Thanks are due to Dr. W. F. Loehwing and his students for aid in this 
connection. In most instances the authors have been consulted, also. 

P. 207, line3, for (8) read (2). 

P. 253, line 7 from bottom, for “ (11) ” read (9). 

P. 337, line 5 from bottom, for “obesrve” read observe. 

P. 506, line 2, for “ (10) ?? read (9). 

P. 529, table I, column 7, item 3, for “ 1.252 ” read 0.798. 

P. 441, line 9, for “ (1) ” read (11). 

P. 674, line 14, for ‘ 4 definie” read define. 

P. 438, reference no. 61, for “Onuntjki” read Okunuki. (This refer- 
ence deals with auxin b, not auxin a or heteroauxin.) 

Cell Necrobiosis and Protoplasmic Death. — Dr. "W. W. Lepeschkin 
is the author of a monograph entitled Zell-Nehrobiose und Protoplasma-Tod , 
Protoplasma Monographien, zwolfter Band, pp. 198, inclusive of bibliog- 
raphy, published by Gebruder Borntraeger, Berlin. In this monograph of 
approximately 145 pages of text Lepeschkin brings together for the scien- 
tific reader all of the essential evidence which has been presented in the 
literature on the subject of cell necrobiosis. The clear distinction which he 
makes between the death of a many-eelled organism and the death of its 
constituent cell units is one which has not been brought emphatically to the 
attention of biologists before. While it is well known to scientists that the 
organism may die and its constituent cells go on living for some time after- 
ward, it is scarcely appreciated by what progressive steps death in the indi- 
vidual cell really takes place. Dr. Lepeschkin 's monograph therefore con- 
cerns itself with the progressive steps in the dying of the individual cell, 
which constitutes cell necrobiosis. 

In order to make this clear he discusses in the first part of the monograph 
and brings to bear thereon the evidence in the literature of the manner in 
which different agents bring about the death of the cell, as well as the dis- 
cernible changes which take place in the cytoplasm and in other parts of the 
cell during the processes of gradual dying. For example, he discusses the 
morphological changes during cell necrobiosis which take place in living 
matter, as well as the cytological changes, purely physical changes, chemical 
changes, and the setting free of energy. In connection with these subjects, 
Lepeschkin discusses his own Yitaid Theory which is well known to those 
who are conversant with the literature of general physiology. 

In the second part of the monograph he discusses special cases of cell 
necrobiosis and the death of protoplasm. In this he takes up for considera- 
tion mechanical influences on living matter, and likewise the influences of 
extreme heat, extreme cold, desiccation, the influence of radiant energy, and 
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of acids and bases, as well as of salts and narcotics. The monograph is ac- 
companied by a thoroughgoing bibliography of approximately forty pages 
and by an author index. 

In producing this work Dr. Lepeschkin has placed the scientific world 
much in his debt. With the exemplary clarity and brevity which charac- 
terize all of his papers, he gives a picture of his subject which cannot help 
but be of the greatest interest and importance to every biologist. It is a 
pleasure to congratulate Dr. Lepeschkin on this achievement. — C. B. L. 

Colloid Chemistry. — During the early part of the year 1935-1936, the 
George Fisher Baker lectureship in chemistry at Cornell University was held 
by Dr. R. A. Gortner of the Agricultural Biochemistry department of the 
University of Minnesota. The lectures were published in 1937 by the Cornell 
University Press under the title Selected topics in colloid chemistry with 
especial reference to biochemical problems . The eight topics selected for 
discussion are as follows : the beginnings of the science; what is colloid chem- 
istry; some basic concepts; some fundamental properties of colloid systems; 
electrokinetics ; surface tension, surface energy, interfacial tension, and 
molecular orientation ; adsorption ; and the water relationships of bio-col- 
loids. Having experienced the pleasure of listening to Dr. Gortner lectures 
on colloidal chemistry at Minnesota, the reviewer knows how intensely inter- 
esting were these lectures at the time of their delivery. They lose little of 
their fire and enthusiasm by appearing in printed form. Students will find 
them delightfully informative and stimulating. They are of greatest value 
to students of biology who may not always appreciate the pervading im- 
portance of the colloidal state in all physiological processes. The book is 
recommended as part of the required reading in courses in plant physiology. 
It is priced at $2.50 per copy, and may be obtained from the Cornell Univer- 
sity Press, 124 Roberts Place, Ithaca, New York. 

Determination o£ Amino Acids. — The methods of quantitative deter- 
mination of the individual amino acids have been brought together in a 
valuable book by Dr. Richard J. Block, of the New York State Psychiatric 
Institute and Hospital. It is published in mimeoprint form with flexible 
binding by the Burgess Publishing Co., Minneapolis, Minnesota. The meth- 
ods are presented in eleven chapters, the first five of which deal with groups 
of acids, as follows : arginine, histidine, and lysine ; tyrosine,, tryptophane, 
dihydroxyphenylalanine, and thyroxine; proline, and hydroxyproline ; cys- 
tine, cysteine, and methionine ; and glutamic, aspartic, and hydroxyglutamic 
acids. The next five chapters deal with single amino acids, alanine, glycine, 
leucine, phenyl alanine, and serine. The last chapter describes the general 
methods of separation of the amino acids in mixtures. It includes the meth- 
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ods of Fischer, Cherbuliez, Dakin, Brazier, and Przylecki and Kasprzyk. 
These general methods are presented in outline form, diagrams, which should 
be easily followed. Each chapter closes with a bibliography of the original 
methods papers, from which the precautions and limitations of the methods 
must be gleaned by the investigator. The compilation is very helpful, and 
though plant physiologists have not fractioned their nitrogenous materials 
to show the individual amino acids involved in metabolism, and do not know 
the significance of each acid sufficiently to use such information in inter- 
preting metabolic changes, yet we are approaching the necessity of making 
such detailed studies. To those engaged in studying the hydrolytic products 
of proteins and protoplasm, this book would be a great time saver. It also 
contains diagrams of some of the most useful pieces of apparatus needed for 
the separations. With indexes it contains 85 pages, and is priced at $3.00 
per copy. 

Wheat and Flour Quality. — A practical work on wheat and flour qual- 
ity by Dr. C. 0. Swanson of the Kansas State Agricultural College has been 
published by the Burgess Publishing Co., Minneapolis, Minnesota. It con- 
tains 26 chapters, 227 pages, and will be very valuable to the entire milling 
industry. It is written in simple style, and some of the chapters are of 
interest to the physiologist, especially chapters VIII to XIV. These bear 
titles as follows: Whence the substances in wheat; influence of climate and 
soil on quality ; soil nitrogen, the key element in protein content ; factors that 
influence the quantity of protein; enzymes, the tools of life processes; the 
life activities of the wheat kernel; and germination and diastatic activity. 
The price of this interesting work is $4.00 per copy. It comes in mimeoprint 
with flexible binding, and may be ordered directly from the publishers. 

Fertilizers. — The second edition of Dr. Firman E. Bear’s Theory and 
Practice in the TJse of Fertilizers has been published by John Wiley & Sons, 
Inc., New York. The rapid changes in the manufacture and use of concen- 
trated fertilizers have made a rewriting necessary. In addition, the better 
knowledge of the function of trace elements in successful plant growth has 
made the inclusion of a chapter on trace elements in soils and crops neces- 
sary. The book is a useful introduction to the theories upon which soil 
amendment is based, and a practical guide to the user of fertilizers in the 
control of soil fertility and the improvement of crop yields. The book is 
quoted at $4.00 per copy. 
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Chemistry of Plant Constituents. — A summary of the problems of 
plant chemistry has been prepared by Dr. Ole Gisvold and Dr. Charles H. 
Rogers, both of the School of Pharmacy- of the University of Minnesota,- with 
the title: The Chemistry of Plant Constituents . It is published in mimeo- 
print form with flexible covers by the Burgess Publishing Co., Minneapolis, 
Minnesota, at $3.50 per copy. There are 15 chapters, the introductory chap- 
ter dealing with the functions of plant parts, and the inorganic constituents 
essential to metabolism. The succeeding chapters take up the nature and 
origin of the following groups of constituents: carbohydrates; vegetable fats; 
plant and insect waxes; phytosterols; proteins; alkaloids; glycosides; the 
anthocyanins and anthoxanthins ; carotenoids ; tannins ; terpenes and oxygen- 
ated terpenes; vitamins; enzymes; and products of fermentation. Although 
there is much theoretical speculation involved in the attempt to depict the 
origin of plant constituents, such speculation is justifiable and necessary as 
long as definite information as to origins is lacking. There is a great deal of 
stimulating and valuable information crowded into the 295 pages of text, 
inf ormation for which plant physiologists will be thankful. An index makes 
browsing for specific information easy. Short bibliographies are used in 
connection with certain topics, but there is no general bibliography. It 
should find a hearty welcome among those interested in any phase of plant 
biochemistry. 
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HORMONES AND THE ANALYSIS OF GROWTH 1 
Kenneth Y^T’himann. •% 

(with eleven figures) 

.fti ■ :* ' ■ ■ ■ *'# ‘ - , .*!»' * ■ 

It is now about twenty years since the carefully controlled experiments 
of Paal established finally that growth in plants is under the control of 
special growth substances or hormones. In the intervening period our knowl- 
edge has advanced considerably, though mainly only in respect to this one 
rather well-defined group of hormones, the auxins. These substances, as you 
know, have been isolated from both plant and animal sources, including both 
seed plants and fungi, and their chemical nature has been thoroughly eluci- . 
dated. Furthermore, large numbers of synthetic substances have been pre- 
pared which have similar actions. Their chemistry will be discussed further 
below; it is enough for the fnoment to- note that they have rather clearly 
defined similarities. A . ^ . • ! 

The physiology of these growth substances, however, shows much more 
diversity. The action studied by Boysen-Jensen, PLal, Soding, Went, and 
the other workers up until the last few years was an action upon cell enlarge- 
ment, causing growth in the simplest sense of the word. The hormone was 
envisaged as the mechanism by which the influence of the tip of the plant 
was exerted on the growth of the part below ij. However, it was not long 
before evidence was forthcoming that other quite different influences of one 
part of the plant upon another were brought about through the action of the 
same hormones. ' # : ,# * 

The first instance of this was the inhibition of one bud by another. It had 
been previously indicated that this well-defined inhibiting action was perhaps 
due to a special inhibiting substance, and we were able to show not only that 
it is, indeed, but also that the substance % identical with auxin. Thus a 
substance which promotes growth in some tissues also characteristically 
inhibits it in others. % / ^ ^ * ' 

A more marked instance of the same thing is seen in roots. Here all but 

1 [Fifth Stephen Hales address, read at the Indianapolis meeting, December 28, 1937. 

AQV 
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the most extremely low concentrations of auxins inhibit elongation, so that 
root tissue, like bud tissue, is readily inhibited by auxin. However, it has 
recently been found both in our own and other laboratories that excessively 
low concentrations, of the order of 1 gram in 10 million liters, actually accel- 
erate growth of roots. These are concentrations of almost unbelievable 
lowness. Geiger has calculated that to dilute a gram of indole-acetic acid 
so that it is completely inactive on Zea mays roots would take an amount of 
water such that if it had to be brought by rail, it would require 400,000 
trains, each of 50 ten-ton wagons. Such trains would comfortably extend 
around the world, or a quarter of the way to the moon. 

This phenomenon of growth acceleration and growth inhibition is proba- 
bly paralleled in all other plant material. Generally the inhibiting concen- 
trations are much higher than in roots, but the difference is apparently quan- 
titative rather than qualitative. The relation is something like that shown 
in figure 1. 


2 

O 

H 

< 

oc 

u 

_l 

UJ 

o 

u 

< 



Eig. 

organs. 



1. Scheme for approximate ranges of growth acceleration for different plant 


The inhibition of roc^ involves a very interesting after-effect which we 
have recently been studying, and which is a good example of one type of 
the analysis of growth. In this case an observed, rather ill-defined accelera- 
tion of growth can be traced back to the initial, much slighter acceleration 
of growth which caused it. If roots are treated with auxin so that they are 
inhibited, and the auxin afterwards removed, their subsequent growth is 
accelerated. They catch up with the untreated controls and even surpass 
them. Figure 2 shows this effect with Avena roots. Triticum behaves 
similarly. The higher the concentration of auxin used, the longer it takes 
for this acceleration to appear, but on the whole the greater the acceleration 
is when it does come. Thus the roots treated with lowest auxin concentra- 
tions are the first to pass the controls, and those treated with highest concen- 
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trations are the last, but even these plants treated with highest concentrations, 
whose roots scarcely grow at all during the treatment, afterwards have roots 
considerably longer than the controls. 

At the same time, the very high auxin concentrations also increase the 
number of roots (at least in seedlings of certain plants). In Avena the 
treated seedlings may develop 20 or more roots as against 5 to 7 in controls 
of the same age (fig. 3). The result of both these responses is that the 
treated plants, although at first inhibited, subsequently have a far better root 
system. The roots are both longer and more numerous. As a result the 
development of the shoot is accelerated, since water supply is exceedingly 



Fig. 2. Length of Avena roots, treated with indole-acetie aeid at the concentrations 
marked (in mg. per liter) from the first to the second day of growth and then transferred 
to water. 

important in the growth of young plants. This acceleration of the shoot can 
be very marked. Figure 4 shows such treated Avena plants, after 5 weeks 
in the cool greenhouse, with controls. Only the plants treated with highest 
auxin concentration (100 mg. per liter) are shown. The others behaved 
intermediately. Not only is there a general acceleration, but the leaves are 
broader and hence the photosynthetic area is increased. This leads to huskier 
plants. The formation of broader leaves has been obtained in other plant 
material also. 

Thus we have here a growth acceleration resulting weeks later than the 
initial treatment, involving a number of changes such as increase in height, 
growth rate and leaf area, which can be analyzed back, with a high degree 
of probability, to the initial effect on the root system of the seedling. This 




Fig. 4. Right, Avena plants grown from seedlings treated during first and secon< 
day of growth, and transferred to water. Left, controls treated only with water Fivi 
weeks old. 
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Fig. 3. Right, two Avena seedlings treated with indole-acetic acid. Left, control in 
water. 
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Fig. 5. Concord grape cuttings (one-year wood). Below, treated with indole-acetic 
acid, 200 mg. per liter for 24 hours at base. Above, controls treated with water. Photo- 
graphed after 14 days in unheated sand. 
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shows how complex the analysis of growth phenomena can be, particularly 
when they are long-term effects. 

Now, as yon know, another action of the anxins, and it is common, in 
varying degree, to all the different substances which are auxins, is the induc- 
tion of root formation. Like other auxin effects this is common to the 
majority of plants. Figure 5 shows the effect of twenty-four hours' treat- 
mentjyith indoleacetic acid on the rooting of Concord grape cuttings. Many 
similar photographs have been published recently for a variety of plants. In 
the normal plant, root-formation is achieved by the migration, to the base, of 
auxin produced in the growing buds and in the leaves, the transport which 
obtains normally in the plant being polar. This polarity of the transport of 
auxin brings about the formation of roots predominantly at the bases of 
cuttings, just as it is also responsible for the influencing of growth by buds 
or other auxin-forming organs below rather than above them. Of course, if 
we apply auxin to the plant externally, this polarity of its transport may be 
obscured by the upward and outward movement to which auxin (like salts 
or any other externally applied material) is subject. Nevertheless in the 
intact plant it is evident that there is a rather strict polarity of auxin trans- 
port, and the fact that under the right experimental conditions it can be 
demonstrated and even measured is important for the analysis of growth 
problems. 

The first stages of root development involve rapid cell division and the 
formation of a root initial. Since this is brought about by auxin, it is per- 
haps not surprising to find that cell division in other tissues is also activated 
by auxin. This is mainly true only for the cambium. In tissues other than 
the cambium, however, cell division can be stimulated, though usually only 
by unphysiologically high auxin concentrations such as are produced by 
artificial application, or by the invasion of pathogenic micro-organisms. 
There does not, therefore, seem to be so clear a distinction between the factors 
causing division and those causing enlargement as was formerly thought. 
The influence of auxin in causing the development of parthenocarpic fruits, 
recently demonstrated by Gustafson, must be considered in the same connec- 
tion. It is of interest also that the wound hormone, recently studied by 
Bonner and English on the pericarp of the bean, may cause either enlarge- 
ment alone or enlargement accompanied by cell division according to the 
variety of bean used as test object. Evidently here also the factors causing 
the two processes are somewhat interlocked. 

We are faced, therefore, with the fact that this one group of hormones, 
the auxins, bring about a variety of processes of growth and inhibition, and 
the effect that they exert evidently depends on the kind of cell they enter 
and on its physiological state. In the earlier days of this work, some four 
to five years ago, when only the action on cell enlargement was recognized, 
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it was customary to consider that the auxin causes growth by combining with 
the cell wall in some way. However, we were able to show that there is no 
stoichiometrical relation whatever between the auxin that enters the cell and 
any of the constituents of the cell walls. Further, this variety of physiologi- 
cal functions obviously indicates that the auxin action is exerted upon some 
very fundamental process in the cell, some kind of ‘ ‘ master reaction. 7 7 The 
action has been aptly compared to the unlocking of a door ; once unlocked, 
the doorway no longer controls who or what shall pass in or out ; these depend 
upon the conditions on either side of the door. However, the problem of the 
unlocking of. the door becomes more interesting and important than ever 
because so fundamental. Similar problems of physiology are associated with 
the action of all hormones and vitamins, and in no case is there a really clear 
understanding of their actual mode of action. 

There have been two main lines of approach to this unlocking problem ; 
one consists in the analysis of the key, i.e., the determination of just what 
properties the hormones must have in order to act — the other is the analysis 
of the lock, ie., an attempt to determine more nearly the nature of the master 
reaction and the other processes brought about by auxin. I will discuss each 
of these briefly. 

Let us consider first the key. The formulae of figure 6 show that the 
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Fig. 6 . Above, auxentriolic acid (auxin a) according to Kogl, Haagensmit, and 
Ekxleben. Below, left to right, indole-3 -acetic acid, indene-3 -acetic acid, benzofurane- 
2 -acetic acid. 


substances auxin a and indole-acetic acid, the two most highly active auxins, 
both have an unsaturated 5-membered ring with an acid group in the side- 
chain. One has a nitrogen atom, the other not. The first subject for study 
was, therefore, the activity of comparable compounds without the nitrogen 
atom. Both these substances (formulae to the right) were found to be 
active, though much less so than indole-acetic acid. A very interesting dif- 
ference lay, however, in their behavior in the Avena test, in which the auxin 
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is applied in agar to one side of the eoleoptile. In this test, indole-aeetic acid 
produces curvature distributed down the eoleoptile for 15 mm. or so, but 
indene-acetic acid, the compound with carbon instead of nitrogen in the ring, 
produces only localized curvatures (fig. 7). To produce curvature there 


INDOLE 


INDENE 


Eig. 7. Decapitated Avena seedlings supplied with auxin in agar on one side. Above, 
indole-8 -acetic acid, curvature distributed. Below, indene-3 -acetic acid, curvature local- 
ized. 

must be a marked differential growth and hence the substance must be 
restricted to the side to which it is applied. If it does not move far on that 
side it can cause only local curvature — if it spreads out equally on to the 
other side it can cause no curvature at all. The physiological concentrations 
of indene-acetic acid evidently do not move as rapidly through the tissues as 
indole-aeetic acid, i.e., their transport is poorer, and this is supported by the 
fact that indene-acetic acid causes excellent rooting of cuttings if applied at 
the base, i.e., at the point where its action will occur, but little or no rooting 
if applied at the tip, from whence it will have to move to the base to bring 
about its effect. 

The second difficulty, that of spreading out, is shown by the oxygen 
derivative, cumaryl-acetic acid, or benzofurane-acetie acid, which causes 
straight growth but no curvature. A later analysis of the 3-derivative, benzo- 
furane-3racetic acid has shown it to be essentially similar though a little more 
active. Hence here we are dealing with properties which are not essential 
for growth activity, but which control the way in which the growth comes 
to be manifested ; in this ease they influence the ability of the substances to 
be linearly transported. 

For further analysis we have therefore tried to study growth activity in 
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such a way that transport does not enter in. For this purpose immersed 
plant parts, such as the slit pea stems whose curavature was shown by Went 
to be so convenient a tool for auxin work, have been used. Figure 8 shows 



Fig. 8. Curvatures of slit internodes of etiolated pea stems. 
0.1, 1.0 and 4.0 mg. per liter indene-aeetic acid. 


Left to right, water 


single young internodes of etiolated Pisum, slit longitudinally and immersed 
m water or auxin solutions. The stem halves, which curve slightly outwards 
m water, curve inwards in auxin solution on account of differential response 
auxin. The inward curvature varies roughly with the logarithm of the 
+ a ’™ e0 f“J ra * 10n - Being ™ merse d, the auxin is applied all round and 

• iTf 1 need n0t eoncern us > exce Pt insofar as the rates of entry 

nag t be different at the different surfaces. One or two interesting points 
as to the relation between structure and activity have been brought out in 
this work. First as to the need for the double bond in the auxin molecule. 
-K.OGL found that the saturation of the double bond in indole-acetic acid and 
auxin a caused complete loss of activity (fig. 9). The same thing is shown 
y phenyl-acetic acid (active) and eyclohexyl-acetie acid (inactive) . Cyclo- 
hexene-acetic acid, with one double bond, on the other hand, is active. If the 
double bond is m the sidechain and not in the ring, as in cyelohexylidene- 
acetie acid, the activity is again lost, hence not only must the double bond be 
present, but it must be in the ring. Up to now all open-chain compounds 
.have been found inactive. 
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Secondly as to the structural arrangement (fig. 10). The acid group 
cannot be next to the ring, since indole-carboxylic and benzoic acids are 
inactive. Apparently it must be free to reach a cei’tain position in space 
which is about one carbon atom distance from the ring. Introduction of one 
methyl group in the side chain does not affect this orientation, but the two 
methyl groups on the same place prevent it from doing so ; to a lesser degree 
it is prevented from reaching this position by being farther out on the chain, 
for, in general, activity decreases with increasing length of the sidechain, 
(phenyl-acetic > 3 phenyl-propionic > y phenyl-butyric). A special case is 
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Pig. 9. Top, left, indole-acetic acid ; right, dihydro -indole-acetic acid. Middle, left, 
phenyl-acetic acid; right, cyclohexane-acetic acid. Bottom, left, cyelohexene-aeetic acid; 
right, eyclohexylidene-aeetic acid. 

that in which the double bond in the sidechain prevents free rotation; cis - 
cinnamic, in which the approximate position can be reached, is active, while 
£mw$-cinnamic, in which the COOH is held out at arm’s length, so to say, 
has no activity. The same holds for derivatives of cis and trans - cinnamic 
acids. It is evident that within this group of substances the requirements 
for activity are quite strict, and the action is therefore rather specific. When 
this is more clearly understood we shall be in a position to formulate possible 
reactions in which the auxin may take part and begin to find out which 
one occurs. 

The other approach is by analysis of the lock. In this, an important piece 
of evidence is the fact that auxin acts in the tissues together with other sub- 
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stances. Of these, the best understood is sugar. In order for auxin to cause 
growth in the eoleoptiles, sugar is essential. If the sugar supply is first 
exhausted from the plant, auxin can cause no growth. If auxin alone is 
supplied, sugar greatly increases the growth. Not only sugar, however, but 
other factors are also concerned. This is particularly true in root formation 
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Fig. 10. Top, left, phenyl-acetic acid; right, benzoic acid. 2nd row left, a-methyl- 
a-toluic acid; right, aa-dimethyl-a-toluic acid. 3rd row, |3 -phenyl-propionic acid. 4th 
row, left, Cis -cinnamic acid; right, tfraws-cinnamic acid. 

on cuttings (fig. 11). Here, in Pisum cuttings, sugar alone makes about two 
roots per plant, probably using the auxin already there. Holding the sugar 
constant and optimal, the number of roots increases proportional to the auxin 
concentration, to a maximum of about 10 roots per plant. Then, holding the 
auxin constant and maximal, we can increase the next factor (biotin, yeast 
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growth factor) to reach a new maximum. When this is held at the maximum 
value, there is evidence for a fourth factor. 

Thus the analysis of the lock must take into account the other parts of the 
lock besides the key. Went has suggested that these other factors, or certain 
of them, are really the substances which are specific for the different proc- 
esses, special substances in the sense of Sachs. A better understanding of 
the role of these other factors will depend on further experiments. 

Lastly, as to the nature of the first reaction into which the auxin enters. 
We now have excellent evidence that it is an oxidation process. I will not 



Fig. 11. Interaction of factors causing root formation in Tisum cuttings. Ordinate, 
roots per 10 plants ; abscissa, concentration (log. scale) of the factor which is limiting root 
formation. (From Went and Thimastn, Phytohormones. New York, Macmillan. 1937). 

discuss this in detail now, but will only say that when auxin is applied to the 
cell there is an immediate acceleration of the rate of protoplasmic streaming. 
This acceleration is observed much sooner than any growth can be detected. 
It is like growth in that it needs sugar for its effect to be fully realized. It 
also needs oxygen ; in absence of oxygen, streaming is retarded ; and in auxin, 
the consumption of oxygen by this reaction is increased. Hence auxin prob- 
ably has as its first effect an increase in the rate of one special oxidation 
process, a process whose substrate is sugar, and which directly controls the 
rate of streaming, and, probably through this, the rate of growth. The 
streaming of protoplasm in the cell is something so fundamental that it is 
easy to see how changes in its rate can bring about a variety of subsequent 
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changes. It is not yet known whether we can say that this reaction which 
controls streaming and growth is the primary door which auxin unlocks ; if 
not, it is very near it. 

In conclusion I would like to say two things about this analysis of growth 
problems through hormones. In the first place, it must be remembered that 
it is plant physiology, not pharmacology, i.e., we do not, as some people 
imagine, simply apply all kinds of substances externally to plants, but we are 
engaged in the study of processes which go on in the normal plant. 

Secondly, it is not purely academic. One immediate result of the work 
has been as you know, the elucidation of the action of auxins in causing root 
formation on cuttings, a finding of immediate practical utility. In this 
respect it would have been strongly approved by Stephen Hales, who, more 
than 200 years ago, pointed out that the only sound basis, both of agriculture 
and horticulture, must be plant physiology; (I quote from his vol. 1) : “As 
the art of Physiek has of late years been much improved by a greater knowl- 
edge of the animal oeconomy, so doubtless a farther insight into the vegetable 
oeconomy must needs proportionably improve our skill in Agriculture and 
Gardening, which gives me reason to hope that enquiries of this kind will be 
acceptable to many, who are intent upon improving those innocent, delightful 
and beneficial Arts : Since they cannot be insensible that the most rational 
ground for Success in this laudable pursuit must arise from a greater insight 
into the nature of Plants.’ ’ 

Harvard Biological Laboratories 
Cambridge, Massachusetts 





EXANTHEMA IN PEAR, AND COPPER DEFICIENCY 
Jacob Oseeeowsky and Harold E. Thomas 
(with four figures) 

Introduction 

The present paper deals with a disease of Bartlett pear trees which oc- 
curred in two orchards in the coastal region of central California (Contra 
Costa County). In one orchard the affected trees were scattered, somewhat 
in groups, over an area of several acres. The majority of these trees were 
not seriously injured. In the other orchard, several miles distant from the 
first one, most of the sick trees were severely injured, and occasionally one 
of them died during the period of observation in 1930 to 1934. The diseased 
trees were confined in this orchard to an area of about 20 to 25 acres. 
Insofar as the appearance and growth of the trees was concerned, there was 
a more or less sharp line of demarcation between the diseased and the healthy 
areas. Most of the trees in the diseased part of the orchard were suffering 
from the malady. The various treatments and analytical data concerning 
the affected trees to be discussed in the following sections refer to trees in 
the diseased area of this orchard. The disease was diagnosed b y* Smith and 
Thomas (8) as exanthema, and it will be referred to in this paper as such, 
although this does not imply that the disease is necessarily identical in its 
causes with other plant disorders designated by the same name. 

Description of the disease 

The symptoms of the disease are as follows: During the latter part of 
May or early June the extreme tips of the current-year shoots turn brown 
and die ; almost simultaneously the tips of the terminal shoot leaves also turn 
brown and die. The dying of the shoots and leaves progresses downwards 
with the season (fig. 1), and in severely affected trees three-fourths or more 
of the current year ’s growth may be dead by the end of the summer. Dead 
leaves usually fall to the ground leaving the denuded shoots on the tree. 
This process is repeated year after year and occasionally a tree degenerates 
to the point of death. As a result of the death of the apical growing points, 
shoot growth from axillary buds is stimulated, in consequence of which trees 
affected with exanthema present a semi-witches ’-broom appearance and 
become rather dense and bushy (fig. 3). A limited development of bark 
excrescences results in the bark on older branches becoming somewhat more 
roughened than on trees unaffected with exanthema. The formation of gum 
has not been observed. Affected trees bear practically no fruit. 

Perhaps the most characteristic symptom of exanthema in pear is the 
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appearance of the affected leaves. The dying of the leaves progresses from 
the tip and the margin toward the center (fig. 2) ; the dead portion exhibits 
alternate brown-orange striation running parallel with the outline of the 
leaf. Not all affected leaves show this striation, but its occurrence in abun- 
dance was observed only on pear trees affected with exanthema. In this 
respect the symptoms of the disease in pear differ from those in other trees 
(4, 8). Chlorosis as a symptom of exanthema in pear could not be observed 


Fig. 1 . Pear shoots of the current season exhibiting various degrees of exanthema 
symptoms. Bight, healthy shoot; extreme left, shoot severely affected with exanthema. 

by the writers. The green portion of leaves severely “ burnt ” along the 
margin may be somewhat faded but the leaves are never typically chlorotic. 
The symptoms of exanthema are unlike those of any known parasitic disease 
of the pear. 

That the disease is associated with the soil upon which these treees grow 
can be inferred from the fact that young seedlings of Bartlett pear, the seeds 
of which were taken from a region free of the disease and grown in that 
region in pots containing soil from the affected orchard, exhibited, after a 
few months, symptoms of exanthema. 
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burning 


Experiments 

I. Effect of copper on exanthema 


with njr leaves from exanthema trees ’ ****** ** »»** 


Copper sulphate crystals were introduced into trees suffering from ex- 
anthema, m the lower part of the trunk near the root crown, using the 
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method described by Bennett (2) for treatment of chlorotic trees. 1 In 
order that the quantity of copper sulphate necessary to cure the disease 
might he determined, the amount applied per tree varied from J to 20 gm. 
Consideration was also given the size of the tree in determining the amount 
to apply. These applications were made in February, 1931, before the leaves 
had started to develop. 


Fig. 3. Pear tree injured by exanthema. Terminal shoots have dead tips and are 
partially denuded. Numerous leaves are marginally ‘ 1 burnt . 5 1 

Since the orchard had not been charted for the occurrence of exanthema 
previous to these treatments, the exact condition of the trees at the time of 
treatment was somewhat uncertain. In many, however, evidences of the 
disease were present, even after a severe pruning, and such trees were 
selected for the application of the copper salts. If the trees had not been 

1 Preliminary accounts of these treatments were published by Thomas (10) and by 
Oserkowsky and Thomas (7). 



TABLE I 

Effect of introduction of CuS 0 4 * 5 H 2 0 crystals into trunk of pear trees suffering from exanthema 
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treated it is safe to assume that most of them would have exhibited symp- 
toms of exanthema during the summer of 1931. The trees were treated in 
alternate rows in a block of the orchard severely affected by exanthema. 
In the summer of 1931 and in each of the two subsequent summers a chart 
was made of this part of the orchard describing the condition of the trees. 
The trees were divided into two groups, namely, those treated with copper 
sulphate and the trees not treated with copper sulphate, which in the sum- 
mer of 1931 exhibited exanthema. The results are summarized in table I. 
It is apparent that copper sulphate in small doses cured the trees partially 
or completely. Further, the beneficial action of copper sulphate lasted over 
three seasons. The diseased branches on some of the treated trees may be 
due to an inadequate supply or distribution of copper from the holes in the 
root crown. Such is also the case in lime-induced chlorosis when the holes 
containing the iron salt are not properly distributed around the trunk. 

Pear trees suffering from exanthema can be cured also by other copper 
salts. Thus, 7 of 8 diseased trees treated with CuCl 2 during the dormant 
season showed very marked improvement during the following growing 
season. Similar response was obtained with Cu(NOs) 2 . The less water- 
soluble copper salts also exert a beneficial action on diseased pear trees, 
although the latter respond more slowly, and one or two seasons may elapse 
before the action of these salts becomes apparent. This is illustrated in table 
II. The doses ranged from 1 to 9 gm. of copper salts per tree. The trees 
were treated in February, 1931. 


TABLE II 

Effect of introduction of crystals of sparingly soluble copper salts into trunk 
of pear trees suffering from exanthema. Trees treated February, 1931 


NO. OF 
TREE 

No. OF 
ROW 

Tree treated with 

Condition 

'* OF TREES IN SUMMER 

1931 

1932 

1933 

36 

1 

Copper carbonate 

+++ 

+ 

+ 

38 

3 

£ £ 1C 


+ 

tr. 

40 

4 

££ u 

+++ 

tr. 

0 

36 

2 

Copper phosphate 

++ 

+ 

+ 

38 

2 

t t a 

tr. 

0 

0 

40 

6 

(< a 

+++ 

+ 

tr. 

36 

6 

Copper tartrate 

++++• 

-f-f 

++• 

38 

5 

£ £ £ £ 

-H- 

+ 

0 

40 

5 

£ £ £ £ 

+-H- 

+ 

+ 


* Notations same as those of table I. Tr. ~ trace. 


Bordeaux spray also exerts a beneficial action (c/., figs. 3 and 4). 
Branches on diseased trees sprayed with it early in the spring exhibit vigor- 
ous growth and are free of the symptoms of exanthema during the remainder 
of the season. The action of Bordeaux spray is localized ; only the sprayed 
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branches show recovery from exanthema. The effect of this spray lasts only 
one season. 

CuS0 4 ■ 5H 2 0 crystals spread around diseased trees within a radius of a 
few feet from the trunk and incorporated in the top soil exerted only a slow 
action on exanthema. Their effect was not apparent until 2 to 3 years after 
the treatment. Small doses of the copper salt often resulted in slight im- 



Fig. 4. Pear tree sprayed in the spring with Bordeaux mixture, 
severe exanthema symptoms. Compare with figure 3. 


Originally showed 


provement only. This is not surprising in view of the fact that the soil in 
the treated orchard was very heavy, with presumably a large capacity for 
fixing Cu. Further, the yearly precipitation in the region where the orchard 
is situated is only about 20 inches. Irrigation is not practiced. As a result 
of this the CuS0 4 • 5H 2 0 dissolves very slowly. Thus, several large crystals 
of this salt were found on the surface of the soil, and in the uppermost layer 
of the soil around a treated tree, two years after the application. Table III 
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TABLE III 

Effect of Application of crystals of CuS0 4 • 5H 2 0 to top soil around pear trees 

SUFFERING FROM EXANTHEMA 


Tree 

Row 

Date of appli- 
cation of 

CuS0 4 • 5H 2 0 

TO SOIL 

Amount of 
CuS0 4 • 5H 2 0 
applied to 
each tree 

Condition* of trees in 
summer 

1931 

1932 

1933 





lb. 




3 

3 

February, 

1930 

5 

+4+4 

4 

44 

6 

3 

u 

c c 

5 

44 

4 

tr. 

8 

3 

Cl 

Cl 

5 

+44 

tr. 

0 

7 

7 

1 1 

c t 

.2* 

4+ 

44 

4 . 

8 

7 

Cl 

* Ci 

2* 

4+4+ 

44 

4 

16 

7 

February, 

1931 

50 

444 

0 

0 

16 

5 

c l 

c c 

30 

4+4 

44 

tr. 

16 

4 

c c 

c c 

20 

444- 

+4+ 

I 4 

38 

12 

c t 

c c 

20 

++++ i 

i +4' 

; 0 

38 

13 

1 1 

1 1 

10 

44+4 

4 

4 

14 

5 

Cl 

c t 

10 

444+ 

0 

tr. 

44 

12 

Cl 

1 

c c 

5 

++++ 

444 

! ■' 0 


* Notations same as those of table I. Tr. = trace. 


presents the results obtained with applications of C 11 SO 4 ‘ 5H 2 0 crystals 
around trees suffering from exanthema. 

Affected trees were treated also with salts of various metallic elements. 
The salt crystals were introduced during the winter into holes bored in the 
trunk of trees a few inches above the root crown. The method of application 
was that used by Bennett (2) for treatment of chlorotic trees. Four or 
five trees were treated with each salt, and the doses used (equivalent to one 
or a few grams of the metal per tree) were similar to those of CuSCL, where 
treatment was beneficial. The following salts were used: MnCl 2 , ZnS0 4 , 
ferric citrate, K 2 Cr 2 (S0 4 )3, NaV0 3 , Co(N0 3 )2, and Ni(N0 3 ) 2 . None of 
these treatments attenuated exanthema, although in many instances the 
foliage and twigs were badly injured, indicating that the salts reached the 
upper parts of the treated trees and were fairly well distributed. 

It is thus clear that application of copper salts, whether to the soil in the 
form of salt crystals, as Bordeaux spray to the leaves, or as crystals intro- 
duced into the trunks of trees, resulted in complete recovery of the trees, or 
at least in a marked reduction in severity of exanthema symptoms and very 
noticeable increase in growth. Further, copper in small doses (1 to 2 gm. 
per tree weighing several scores of kilograms) exerted a specific beneficial 
action on trees affected with exanthema, whereas salts of other heavy ele- 
ments were without action on the disease. This led to the supposition that 
exanthema may be due to a deficiency of copper. In order to test this 
hypothesis, analysis of pear tissues from healthy and diseased trees was 
undertaken. The results of these analyses are discussed in the following 
sections. 




e year or 

)lder growth July 16 12.4 
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II. Copper contents of healthy and diseased tissues 

Shoots and branches were collected from healthy and diseased trees 
stripped of their leaves and analyzed for copper. The data are presented in 
table IV. The samples collected in May were too young to be separated into 
basal and terminal shoots. In this instance the sample consisted of the upper 
six inches only, and the bark was not separated from the wood. In subse- 
quent collections the upper six inches of the current-year growth was desig- 
nated as “ terminal part of shoot 5 ’ while the remaining part, approximately 
of the same length, was termed “ basal part of shoot . 55 Shoots and branches 
were collected from the affected orchard and from healthy trees in a locality 
free of the disease (Berkeley). The analytical data show that the copper 
content was highest in trees grown in the locality free of the disease and in 
trees in the diseased block which, in consequence of treatment with copper 
sulphate, recovered from exanthema. The copper content of all samples 
from trees in the healthy part of the affected orchard was higher than the 
corresponding values for the samples from the diseased trees. There was, 
however, no significant difference between the amount of copper in the trees 
suffering from exanthema and the trees healthy in appearance in the af- 
fected part of the orchard. A similar relation holds true also in the case of 
leaves (table V) and will be discussed below. 

Pear leaves were collected from various localities at different times dur- 


TABLE V 

Copper content of pear leaves from healthy and diseased trees 


Group of 
samples 

Type of leaves 

Locality collected 

Ho. of 
samples 

Range of Cu 

CONTENT IN 
P.P.M. OF 

DRY WEIGHT 

A 

Healthy leaves 

Regions free of exan- 

40 

p.p.m, 

10 -41 

B 

Healthy leaves 

thema 

Three regions free of 

6 

12 -17.5 

C 

Healthy leaves 

exanthema within $ 
to 6 miles from af- 
fected orchard 
Healthy block in af- 

10 

4.9- 7.6 

D 

Healthy leaves 

fected orchard, from 
20 to 100 yards 
from diseased trees 1 
Healthy trees in af- 

4 

4.5- 5.6 

E 

Healthy leaves 

fected block of or- 
chard 

Affected block of or- 

11 

8.7- 6.7 

E 

from trees suf- 
fering from ex- 
anthema 

Leaves affected 

chard 

Affected block of or- 

6 

3.2- 5.1 


with exanthema 

chard 
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ing the growing season and from healthy and diseased trees in the affected 
orchard and in orchards adjacent to it. The results are given in table V. 
The A-samples were collected from three orchards situated in two regions 
about 25 and 80 miles, respectively, from the orchard affected with exan- 
thema. Some of the samples are of Hardy pear; the majority, however, are 
of Bartlett pear trees, the same variety as the affected trees. The inclusion 
of the Hardy samples in this table has very little effect upon the conclusion 
to be drawn, since there were no significant differences in copper content 
between samples of the two varieties. The copper content of the samples 
from the two localities was also practically identical. 

The B-samples were obtained from three orchards from \ to 6 miles from 
the affected orchard. 

The O-samples were gathered from trees healthy in appearance, and of 
normal vigor, grown in the affected orchard, but on the edge of the 
affected block. These trees were 20 to 100 yards from the sick trees. 

The H-samples were obtained from a few trees healthy in appearance 
scattered in the affected block of the orchard. Although these trees were 
free of symptoms of exanthema, they made, for the most part, a rather 
subnormal growth, and thus may be considered as being on the verge of 
exhibiting exanthema. 

The data in table V strikingly show that the copper content of leaves 
from regions free of exanthema is decidedly higher than that of either 
healthy or diseased leaves from the affected orchard. The copper content 
of the former is never below 10 p.p.m. while the highest recorded copper 
content of the latter was not above 7.6 p.p.m. and even this value is for 
healthy trees outside the affected portion of the orchard. The average was 
about 4 p.p.m. There is, however, no significant difference between healthy 
and diseased leaves from the area affected with exanthema. This fact is not 
incompatible with the assumption that exanthema is due to copper deficiency. 
A similar situation is obtained in the case of lime-induced chlorosis curable 
by administration of iron salts. It was shown in that case that not all of 
the iron in leaves is active in chlorophyll formation, that only a portion of 
the iron participates in chlorophyll formation, and this fraction was termed 
“active iron.” Chlorotic leaves are poorer in active iron than green leaves 
from chlorotic trees, although the iron content of the latter might be below 
that of the chlorotic leaves (6) . Similarly it may be assumed that not all of 
the copper in leaves is active (whatever that activity may be), and that 
leaves affected with exanthema contain less active copper than healthy leaves 
in the affected orchard, although there need be no significant difference in 
, the total copper content of these two kinds of leaves. 



462 


PLANT PHYSIOLOGY 


III. Copper content of basal and terminal shoot leaves 

The leaves first to show symptoms of exanthema are the terminal shoot 
leaves (fig. 1), and the dying of leaves progresses downward. It was ex- 
pected therefore that the copper content of terminal shoot leaves from sick 
trees, whether they exhibit symptoms of exanthema or whether they are 
about to exhibit them ( e.g collected early in the season), would be smaller 
than that of basal leaves from the same trees. This, however, was not the 
case, as is readily evident from the data in table VI. Although the terminal 
leaves, healthy in appearance, are somewhat higher in copper content than 
the corresponding terminal leaves affected with exanthema, the difference is 
small and of doubtful significance. In any event the copper content of the 
affected terminal leaves was higher than that of the basal shoot leaves which 
when collected did not exhibit symptoms of exanthema, although this differ- 
ence also may not be significant. 

The samples collected on July 16, 1931, were obtained at a time of the 
season when the dying of leaves on exanthema-affected trees had progressed 
far, while on May 12, 1933, visible injuries to the leaves were just making 
their appearance. On this date five composite samples of terminal and basal 
shoots, respectively, were collected (table VI, columns 4, 5). The “ healthy 


TABLE VI 

Copper content of basal and terminal shoot leaves from diseased trees 



Collected 7/16/31 

! Collected 5/12/33 

Description of leaves 

CU CONTENT 
IN P.P.M. 

YEio* 

N 

CU CONTENT IN P.P.M. 

OF DRY WT. 


OF DRY WT. 

Sample 1 | 

Sample 2 

Terminal shoot leaves affected 
with exanthema 

p.p.m. 

4.0 

1.6 

p.p.m. 

4.5 

p.p.m. 

Healthy terminal shoot leaves 
from trees affected with 
exanthema 

4.5 

1.9 

5.0 

6.7 

Healthy basal shoot leaves 
from trees affected with 
exanthema 

3.6 

1.5 

3.5 

3.4 

Healthy spur leaves from trees 
affected with exanthema 

4.2 

1.6 




terminal shoot leaves’ ’ collected on this date from the sick trees may represent 
leaves on the verge of exhibiting symptoms of exanthema, since it is very 
likely that if left on the trees for a few weeks longer many of them would 
have shown the typical symptoms of exanthema. In any event, such terminal 
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leaves would have begun dying earlier than the basal leaves on the same 
shoots, and yet the copper content of these terminal leaves was higher than 
that of the basal leaves. 

It was thought that the terminal leaves being younger were richer in 
protoplasm and therefore required for normal functioning larger amounts 
of copper per unit of dry weight. Since there is no satisfactory measure of 
the amount of protoplasm in plant tissues, the nitrogen content of the 
leaves was used as an approximate, although admittedly crude, measure of 
the protoplasmic content of leaves. The ratio of Cu to N is reported in 
column 3 of table YI for the samples collected on July 16, 1931. This ratio 
may be considered as a very rough measure of the ratio of copper to proto- 
plasm. It is seen, however, that the relation thus obtained between healthy 
and affected terminal and basal shoot leaves is substantially the same as when 
the copper content is reported on the dry weight basis. 

IV. Copper content of marginal and central part of leaves 

Since the injury to leaves affected with exanthema manifests itself in 
progressive dying of the leaves from the tip and margin toward the center, 
it was reasonable to expect that the central part of the leaf would contain 
more copper than the marginal and apical part. Composite samples were 
obtained from sick trees at various times. The margin and tips of the leaves 
were severed from the central part with scissors. Only one sample consisted 
of leaves with dead tips. Analysis showed that the central part of this leaf 
sample contained 2.3 p.p.m. copper, and the dead margin and tip 2.2 p.p.m. 
This is an insignificant difference. Several more samples of terminal and 
basal shoot leaves were collected from sick trees, but the leaves of these 
samples were free of dead margins or tips. If left longer on the trees many 
of them no doubt would have exhibited symptoms of exanthema. It is per- 
missible therefore to characterize the condition of these leaves as being in 
the state of incipient exanthema. In this case also, contrary to expectation, 


TABLE VII 

Comparison between copper content of apical and marginal, and 

CENTRAL PART OF PEAR LEAVES 


Date of collection 

Terminal shoot leaves 

I Basal shoot leaves 

Central part 

OF LEAVES 

Apical and 

MARGINAL 

PART OF LEAVES 

Central part 

OF LEAVES 

Apical and 

MARGINAL 
PART OF LEAVES 

Cu content in p.p.m. of dry weight 


p . p . m . 

p . p . m . 

p . p . m . 

p . p . m . 

5/31/33 

1.7 

3.0 

1.8 

1.7 

5/31/33 

1.7 

2.6 

2.0 

2.1 

6/5/33 



1.9 

1.9 
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there was no consistent difference in copper content between the marginal and 
the central parts of the leaves (table VII) . 

Discussion 

Exanthema and copper deficiency 

Unlike deficiency of iron in higher plants, which, as far as it is known 
invariably manifests itself as chlorosis, copper deficiency is characterized 
by a multitude of symptoms. Thus, Sommer (9) observed that sunflowers, 
tomatoes, and flax grown in a culture medium deficient in copper made very 
little growth compared with the check plants adequately supplied with this 
element. On the other hand, Lipman and Mackinney (5) found no signifi- 
cant difference in dry weight of barley plants raised in a culture solution 
deficient in copper, when compared with the check plants. In this instance, 
however, the barley deficient in copper developed fewer flowers, and pro- 
duced practically no seeds. Thus in barley, it appears, deficiency of copper 
resulted in curtailment of the reproductive organs, and hindered normal 
development of the embryo. Haas and Quayle ( 4 ) studied a ease of ex- 
anthema in citrus which could be cured by copper salts, and which they suc- 
ceeded in producing by withholding copper from plants grown in pure silica 
sand and irrigated with a culture solution. This malady must be thus re- 
garded as due to copper deficiency, yet the symptoms are quite different from 
those recorded by Sommer, and Lipman and Mackinney for annual plants. 
Anderssen (1) described a chlorosis attributed to a deficiency of copper 
and affecting some deciduous fruit trees. Pear trees growing in the same 
region did not exhibit chlorosis but were suffering from a die-back which, as 
far as could be ascertained from the description of the injury, was similar 
to the symptom of exanthema on pears. Anderssen does not mention, how- 
ever, the striated bands on injured leaves, neither does he specifically refer 
to the response of affected pear trees to treatment with copper compounds. 
Sufficient data are lacking to ascertain whether the disorder of pear trees 
reported by Anderssen is identical with the exanthema described herein. 

It is thus evident that none of the aforementioned descriptions of the 
various manifestations of injury to higher plants caused by copper defi- 
ciency exactly tallies with the symptoms of exanthema on pear. The litera- 
ture on this subject does not offer, therefore, a criterion for ascertaining 
whether or not exanthema is due to a copper deficiency. On the other hand, 
the marked response of pear trees affected with exanthema to various treat- 
ments with copper salts in small doses, the specific effect of copper salts, and 
the low copper content of plant tissues in the affected orchard bespeak in 
favor of the hypothesis that exanthema in pear trees is due to a copper defi- 
ciency. Crucial evidence in support of this view, however, is lacking. The 
inducement of exanthema in pear seedlings grown in culture solution in the 
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absence of copper, and its subsequent cure by administration of salts of this 
metal could be considered as sucb evidence. It was attempted therefore to 
grow Bartlett seedlings in a solution free of copper. Unfortunately the 
plants used in this experiment were injured, probably by excessive amounts 
of the rarer elements like Pt, Pb, Co, Ni, and Cd which were added to the 
culture medium. 

Since exanthema is produced by some soil factors it might not be illogical 
to assume that the disorder is brought about by soil microorganisms which 
either directly attack the roots or else produce harmful substances. Accord- 
ingly the effect of copper would be either to kill or inactivate these micro- 
organisms or to neutralize the effect of the toxic compounds produced by 
them. The first assumption, however, is untenable, since pear shoots on sick 
trees respond readily to Bordeaux spray, yet in this case curative action of 
the spray is strictly localized and confined to the sprayed shoots, thus prov- 
ing that the copper of the spray had not been translocated within the plant. 
And yet, despite the fact that it did not reach the roots or the root zone it 
exerted a very beneficial effect. The supposition that exanthema is due to 
microorganic toxins absorbed by the roots and transferred to the apical parts 
of the plant seems improbable in view of the specific curative effect of copper 
and the absence of any beneficial action from other heavy metals like Go, Ni, 
Cd, Mn, and Zn. There exists the possibility that microorganisms in the 
soil could interfere with the absorption of copper by the tree roots. For 
the reasons given and pending evidence to the contrary, the writers prefer to 
consider exanthema as due to copper deficiency per se . This view may ac- 
count for most of the correlations existing between copper and exanthema, 
but it does not furnish a simple explanation for the type and progress of 
the injury as discussed in sections III and IV, unless recourse is had to the 
hypothesis that terminal leaves and the margin of leaves contain less active 
copper than basal leaves or the central portion of leaves respectively ; or else 
that the former require larger amounts of the active copper compound for 
normal functioning. 

Analytical details 

All plant material was thoroughly washed in distilled water, and rinsed 
with it several times prior to drying, excepting two leaf samples obtained in 
the orchard affected with exanthema. The analytical data obtained with 
these samples were the same as those secured with non-washed leaves. 

Copper was determined colorimetrically essentially according to the 
method described by Elvehjem and Lindow (3). During the course of the 
work several minor changes were introduced in the analytical procedure. 
With the material on hand there was no need to separate iron from copper. 

With each set of samples one or two blanks were run, and the copper 
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values for the samples were corrected for them. The copper content of the 
samples varied from about 8 to 100 micrograms (p. gm.). It was found that 
Baer’s law holds true with sufficient accuracy for our purpose within at 
least the following limits of concentration: 14 to 96 p. gm. of Cu dissolved in 
10 cc. of chloroform as a green pyridine-thiocyanate compound. All deter- 
minations, with the exception of a few, were carried out in duplicate or 
triplicate. The average accuracy of the analytical data is about 5 per cent. ; 
it is somewhat lower in the case of the samples with the smaller copper 
contents. 

Summary 

1. Exanthema on Bartlett pear trees in central California is described. 
This disease is attributed to soil conditions. Trees suffering from it can be 
cured by application of copper salts to the soil, by introducing crystals of 
copper salts into the root crown of the tree, or by spraying affected trees 
with Bordeaux mixture. Copper salts exert a specific beneficial action on 
trees suffering from exanthema since MnCl 2 , ZnS0 4 , ferric citrate, 
K 2 Cr 2 (S0 4 ) 3 , NaV0 3 , CdS0 4 , Co(N0 3 ) 2 , and Ni(N0 3 ) 2 do not correct 
exanthema. 

2. The copper content of leaves and shoots from trees within the area 
affected with exanthema is invariably lower than that from samples ob- 
tained in localities free of the disease. There is, however, no consistent dif- 
ference in the copper content of healthy and diseased trees in the orchard 
affected with exanthema. A similar relation exists with regard to iron in 
chlorotic trees. 

3. Exanthema in all probability is due to a deficiency of copper per se . 

Division of Plant Pathology 

University of California 
Berkeley, Calfornia 
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WATER RELATIONS IN BRYOPHYLLUM CALYGINUM 
SUBJECTED TO SEVERE DRYING 

Walter Btjrchard Welch 
(with two figures) 

Introduction 

Bryophyllum calycinum Salisb. will reproduce vegetatively by means of 
plantlets formed in the notches of the vegetative leaves. This reproduction, 
called regeneration by Loeb (9), has been rather thoroughly treated by 
Loeb (10), Reed (17), Braun (1), Child and Bellamy (2), and others. A 
great deal of attention has been paid by these authors to the reproduction of 
the young plants, but little attention has been givei^he water relations in 
the parent leaf during their formation and growth. 

In most of the work reported the leaves, when removed from the plant, 
were placed in contact with water or at least in a moist atmosphere. Under 
laboratory conditions, without extraneous water, the plantlets appear on the 
margin of all portions of the leaf without regard to polarity (fig. 1, A, B). 
The leaves, when hung up by their petioles, produce young plants oh the 
basal half as well as on the apical half, but when placed with one edge in 
water or in moist soil the shoots will appear only where the leaf is in contact 
with the water or moist soil. 

The parent leaf may dry until it becomes brittle at its central portion, 
yet the young plants along the margin will still be turgid and continue 
to increase in size. Since this leaf is capable of living for a long period and 
reproducing new tissues without additional water being supplied to it, it 
was proposed that a study be made of the water relations of the parent leaves 
and their plantlets. A great number of phenomena might be studied in con- 
nection with the ability of these leaves to withstand severe drying: osmotic 
concentration of the juices of the leaves and plantlets, electrical conductivity 
of these juices, hydration of the ions present in the solutions, relationship of 
the freezable and unfreezable water to the total water, the thickness of the 
cuticle, the distribution of stomata, and so on. The work presented in this 
paper will deal with the freezable and unfreezable water in their relation to 
the total water, the thickness of the cuticle, and the distribution of stomata. 

Unfreezable water has attracted a great deal of attention among plant 
physiologists who were interested in cold resistance or the ability of plants 
to become hardened against killing at low temperatures. Rosa (19) found 
that in cabbage the rate of decrease in the percentage of freezable water 
during hardening coincided with the rate of hardening of plants against 
killing by low temperatures. Greathouse and Stuart (6) found that 
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Fig. 1. A. Upper surface of leaf of Bryophyllum calycinum after 4 weeks of drying, 
showing plantlets in notches of leaf (•£ natural size). B. Lower surface of leaf showing 
maximum production of roots at 4 weeks natural size). C. Upper surface of leaf in 
A showing plantlets and drying central region after 6 weeks (f natural size). 

Ohio and French varieties of red clover could be differentiated as to 
cold hardiness by the percentage of unfreezable water in the fresh tissues. 
Stark (21) demonstrated that in general the capacity of an apple twig to 
retain water against freezing is associated with winter hardiness. He could 
not, however, grade the hardy and tender varieties in any ascending or de- 
scending order on the basis of their ability to retain water in the unfrozen 
state. In Finns rigida there was only about 5 per cent, more water in the 
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leaves in the summer than in the winter, and Meyer (13) states that there 
is no evidence that “ bound’ 7 water plays any role in cold resistance in this 
species. He suggested “that the basis of cold resistance lies in some as yet 
not understood, physio-chemical properties of the protoplasm, which prob- 
ably cannot be discovered by the gross measurements which are generally 
employed at present.” Dunn (3) found that Bryophyllum , subjected to a 
temperature of -1.1° C., would temporarily build up a resistance to this 
cold temperature to such an extent that a certain number of plants would 
not be killed after exposure for 15 hours. Surviving plants were propagated 
for six generations by leaf cuttings. There was a rise in the number of 
survivors after three generations of cuttings but after six generations there 
was a return to the original number. 

From these and other reports it seems possible that there is a positive 
correlation between unfreezable water and cold resistance in some species 
or varieties ; but in other species or varieties such a positive correlation 
between unfreezable water and cold resistance may not be demonstrable. 

The terms ‘ 4 free ’ 5 and ‘ ‘ bound ’ ’ water, used by the earlier investigators, 
no longer convey the idea investigators wish to express. It is quite possible 
that under a given set of conditions and at a given time, all or nearly all 
of the water in a plant may be “bound,” and under other conditions and at 
another time nearly all of the water may be “free.” It would be better to 
refer to the “bound” as unfreezable water and the “free” as freezable 
water. It then becomes necessary to define the conditions under which the 
freezing, in the heat of fusion method of determination of freezable water, 
is carried out. The water is held in the tissues, cells, or parts of cells against 
freezing in equilibrium with the surrounding atmosphere, or any other tis- 
sues, cells, or parts of cells with which they may come in contact. This has 
been pointed out by Greathouse (5) in his work on red clover roots and 
tissues of the potato tuber. He found that there was a greater amount of 
water frozen in the tissues at - 50° C. than at - 22° C. Jones and Gortner 
(7) found that as much water was frozen out of gelatin at -6° C. as was 
frozen out at - 50° C. They suggested that plant tissues should behave as 
did the gelatin, but the experiences of Greathouse show that there is a 
freezable-unfreezable water equilibrium that has a different value for every 
temperature used. 

In this work on Bryophyllum the temperature of -20° C. was chosen as 
the one at which the freezable-unfreezable water equilibrium should be 
measured. There is nothing to suggest that - 50° Ci would be the lower 
limit at which the freezable water can be measured; any obtainable tem- 
perature above absolute zero might be chosen for such measurements. Since 
an equilibrium relation is being dealt with, the most important feature is 
the maintenance of the selected freezing temperature for sufficient tfmA +n 
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permit an equilibrium to become established, and to hold that temperature 
constant within a range of ± 0.25° C. 

The problem of drought resistance or of resistance to very severe drying 
in relation to the unfreezable water content of the tissues has received much 
less attention than the relation of unfreezable water to cold resistance. 
Vassiliev and Vassiliev (23) found that in general the most conspicuous 
feature in which a wheat plant, that had been hardened to resist drought, 
differs from a normal one is in the greater accumulation of hemieelluloses and 
sugars, chiefly sucrose. The plants which had been exposed to drought by 
withholding water for 18 days, but were later given an ample water supply, 
were found to be deficient in water after 8 days of irrigation. They were, 
however, higher in most forms of carbohydrates except the monosaccharides. 
This water-deficient, high-carbohydrate condition became more or less 
“ fixed” in plants that had recovered from the drought conditions. 

The concentration, osmotic pressure, and “ bound ” water of the juices 
of some of the cultivated and some of the wild species of grasses, were 
found by Newton and Martin (16) to increase with the progress of matu- 
rity. The unfreezable water was found to increase markedly more rapidly 
than the osmotic pressure and appeared to be more stable. Lebedincev (8) 
used unfreezable water measurements to determine the water-retaining 
capacity of xerophytes and mesophytes growing under xerophytie conditions 
in a semidesert region. She has shown that xerophytes are distinguished 
by having a higher water-retaining capacity than mesophytes under the same 
conditions. If the plants were subjected to repeated wiltings there was an 
increase in the water-retaining capacity which was maintained by the plants 
after recovery from wilting. 

Bryophyllum is usually not considered a xerophyte unless Maximov’s 
(11) criterion, “the main peculiarity of xerophytes is the capacity of 
enduring permanent wilting without harm or without harm to their subse- 
quent development,” is used. The “wilting without harm to their subse- 
quent development” is true only of leaves that are removed from the plant 
while they are in a turgid condition. If the leaves become dry on the plant 
and then fall or are removed, they will not produce plantlets on the margin 
even though roots may have been present at the notches of the leaves while 
they were still on the plant. 

The series of determinations reported in this paper were undertaken 
to throw light, if possible, on the significance of the unfreezable water in 
both the parent leaf and the regenerating tissues, and the significance of any 
•shift or redistribution of total water between parent leaf and its plantlets, 
with special reference to severe drying of the parent leaf and the ability 
■of its regenerating offspring to persist and develop after the parent leaf had 
partially dried. 
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Materials and methods 

The Bryophyllum calycimim used was that which Mehrlich (12) has 
called the Chicago variety. This variety has been grown in the University 
of Chicago greenhouses for a number of years. Although it has been ob- 
served to flower no seeds have been obtained. The plants were vigorously 
grown under greenhouse conditions until they had produced eight sets of 
leaves, then the leaves from the fourth and fifth nodes were removed. In 
preliminary tests, these leaves from the fourth and fifth nodes were found 
to produce more shoots per leaf than the leaves from any other node. The 
leaves were allowed to dry in screen-wire trays on a laboratory table for 
as much as 18 weeks. After a week, the leaf became limp ; after 2 weeks, 
roots appeared at the notches ; and after 4 weeks the shoots of the plantlets 
appeared (fig. 1). The development of the roots and shoots has been ade- 
quately described by Naylor (15) and Yarbrough (24). The leaves, after 
removal from the plant, did not come in contact with any extraneous water 
except that of the laboratory atmosphere. 

The leaf continued to dry until at 10 weeks the central portion, indicated 
by the shaded area in figure 2, had become tough and brown while the tissues 
along the edge and base became even more turgid and remained green. The 
solid line in figure 2 indicates the manner in which the leaf was cut to separate 
that portion enclosed by the line, hereafter called the central region, from 
that portion outside, hereafter called the edge and base. This latter portion 
includes the petiole in all cases. 

The method used to determine the unfreezable water was that of Rubner 
(20) as modified by Robinson (18). Most of the equipment was that de- 
scribed by Robinson. The cold chamber was well insulated and deep enough 
that a minimum change in temperature at the level of the material was 
observed when the lid was removed. The temperature was maintained 
at - 20° C. 'zb 0.25. Two thermopiles were made of no. 30 gauge double-silk 
insulated copper and constantan wire, on which two coats of shellac had been 
brushed. The thermopile used in the cold chamber to check the temperature 
was one of only five junctions, while the one used in the calorimeter had 
twenty junctions and produced a potential of 763 microvolts per degree 
difference in temperature. The “cold” junction in each case was in a 
thermos bottle filled with a mixture of crushed ice and ice water. The 
potential in microvolts was read from a Leeds and Northrup type K 
potentiometer. 

The calorimeter was a highly evacuated, highly silvered Dewar flask, 
12 mm. in diameter and 65 mm. deep. The flask was sealed into a three- 
f ourths-inch layer of cork with sealing wax at either end, and finally wrapped 
in tape and varnished. This insulation made it practically impossible to 
touch the edge of the calorimeter with the fingers during the transfer of the 
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Fig. 2. Shaded portion of leaf of Bryophyllum calycinum, which is tough and brown, 
showing extent of drying at 10 weeks. Solid line shows how leaf was cut to separate 
central portion from the edge and base. Numbers at margin represent the plantlets 
counted on 100 leaves varying in age from 8 to 12 weeks. 

material from the cold chamber to the calorimeter. The calorimeter was 
placed in a water bath maintained at 30° C. 

A spiral glass stirrer was used to mix the water in the calorimeter. To 
the stirrer motor a flexible cable was attached which was held in place by 
two glass bearings in ring stand clamps. The lower end of the cable was 
attached to a steel bearing which could be fastened rigidly in place. The 
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glass stirrer fitted into a chuck on the steel bearing shaft. The motor and 
bearings were so mounted on a hollow rod that the stirrer could be swung 
in and out of the calorimeter in minimum time ; and when not in the calorim- 
eter, the stirrer dipped into a flask of distilled water in the water bath. 
Owing to the heating of the motor and the bearings, factors from 1.196 to 
1.226 had to be used for the thermal capacity of the calorimeter in a con- 
tinuous series of ten determinations. Never more than ten determinations 
were made in any one series. 

The freezable water was calculated by use of the formula presented by 
Robinson (18) : 

v FN(T 2 -T 3 )-(WSR + W 1 S 1 R) 

-X -■ rn 


correction factor for the thermal capacity of the calorimeter 
volume of water in cc. used in calorimeter (10 cc.) 
initial temperature of water in calorimeter 
final temperature of water in calorimeter 
total weight of the material 
specific heat of the material 
range of temperature between Ti and T 3 
weight of tin-foil cup 
specific heat of tin foil which is 0.05 
initial temperature of material in cold chamber 

This being below zero appears to have a minus sign but the formula is so 
constructed that the sign may be disregarded. 

X = freezable water 

The unfreezable water is found by subtracting the freezable water from the 
total water present. The specific heat of each specimen was calculated from 
the specific heat of the dry material, which was found to be 0.0871, and the 
specific heat of water, 1. 

The plant material was chopped with a razor blade and ground to a paste 
in a mortar. This thoroughly ground material was then placed in a tin-foil 
cup in a numbered vial and stoppered. The samples ranged in weight 
from 0.25 to 0.85 gm., but the usual sample weighed about 0.5 gm. After 
freezing, the cups were removed from the vial and the tops bent down in 
such a manner as to form waterproof balls, after which they were replaced 
in the cold chamber and frozen for at least one hour. 

The vial was removed from the cold chamber by grasping the stopper 
with the fingers of the right hand. The upper end of the vial was held with 
the fingers of the left hand only long enough to remove the stopper and slide 
the specimen into the calorimeter. After thawing, the material was dried 
in a vacuum oven at 47° C., using a pressure of 0.04 atm. 


in which F = 
N = 
T 2 = 

t 3 = 
w = 
s = 

R = 

Wi = 

Si = 
Ti = 
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Results 

Determinations of freezable and unfreezable water 

The data were obtained from three series of experiments. The first 
series was performed to determine the distribution of the total, freezable, 
and unfreezable water in the whole plant. This information was necessary 
not only to establish the normal relationship in the leaves and stem, but also 
to determine how the leaves at the fourth and fifth nodes compared with 
the other leaves. 

The second series was designed to determine the relationship of total, 
freezable, and unfreezable water in the whole leaf, with its attached plant- 
lets, during the period of drying. The data from this series were to serve as 
a guide for the third series of measurements. 

In the third series the purpose was to determine the relationship of the 
water, as in the second series, in the different parts of the leaf and the 
attached plantlets. In this latter series of measurements it was thought 
that some light might be thrown on the relation between the freezable and 
unfreezable water in the parent leaf and in the young plants with special 
reference to any shift or redistribution of water there may be between the 
two during the severe drying. 

Series 1, Distribution of total, freezable, and unfreezable 

WATER IN THE WHOLE PLANT 

The plants used in this series of experiments were vigorously growing 
individuals that had nine sets of leaves below the apical bud, and a portion 
of the stem below the ninth set of leaves that was bare. It was impossible 
to separate the apical bud from the first internode and the first set of leaves 
and obtain a specimen that would be comparable in weight to the other sam- 
ples of the stem internodes and the leaves. Therefore the apical bud, first 
internode, and the first set of leaves were chopped, ground, and frozen as a 
single sample. The second set of leaves was then removed and treated in 
the same manner ; then the second internode, and so on down the stem. 

The lowermost portion of the stem was made up of six very short inter- 
nodes without leaves, and was treated as a single sample. The determina- 
tions on this portion of the stem were entered in table I as the basal inter- 
nodes. This lower portion of the stem was very woody and rather difficult 
to reduce to the same degree of fineness as the other samples. 

As may be seen from the data of column 2, table I, the first six internodes 
contained more total water and more freezable water than was found in the 
leaves attached at the first six nodes, when calculated on the dry weight basis. 
Internode three contained the largest amount of water of any part examined, 
and the basal internodes the least. From internode three to internode eight 
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there was a gradual decrease in total water from 10.385 gm. of water per 
gram of dry weight to 2.692 gm., and on the same basis, the freezable water 
decreased from 9.706 to 2.368 gm. of water (column 3, table I). 

The second and third internodes (column 5, table I), contained a smaller 
percentage of unfreezable water, 5.62 and 6.53 per cent., respectively, than 
the leaves at the second and third nodes, 10.40 and 8.66 per cent. The inter- 
node contained 7.65 per cent, of unfreezable water while the leaves at the 
fourth node had only 5.69 per cent. This relation, the higher percentage 
of unfreezable water in the stem than in the leaves attached to that portion 
of the stem, was observed in all parts examined, below the fourth node. That 
portion of the stem referred to as the basal internodes had only 12.05 per 
cent, of unfreezable water while the seventh internode had 12.66 per cent. 
This decrease may possibly be due to experimental error, but it may also 
indicate a reversal of the water relationship in the older stem regions. 

The third internode contained more total water per gram of dry weight 
than any other part of the plant (column 2, table I) and, therefore, less dry 
weight. There is a smaller percentage of unfreezable water in the third 
internode than in any of the other internodes. As the stem decreases in 
total and freezable water, the percentage of unfreezable water increases ; or, 
if the unfreezable water were calculated on a fresh weight basis, it would 
increase as the dry weight increases. The bud, with the first set of leaves 
and the first internode, contained more total and freezable water than any 
of the leaves except the pair at the eighth node. This exception was noted 
in all plants examined. The eighth pair of leaves appear to be water storage 
organs. There was a greater percentage, 9.11, of unfreezable water in the 
bud than in any of the leaves except those at the seventh node which had 
9.66 per cent, of unfreezable water. This increased amount of unfreezable 
water in the leaves at the seventh node is not accounted for, and was seen 
in all plants examined. The leaves at the fourth and fifth nodes had an 
average amount of total, freezable, and unfreezable water and were chosen 
for use in series 2 and 3. 

The data in table I are averages of four determinations on three plants 
where sufficient material was available. 

Series 2. Determination of total, freezable, and unfreezable 

WATER IN THE WHOLE LEAF 

In this series, the whole leaf with its attached plantlets, was treated as a 
unit, to determine, if possible, the effect of drying on the amount of total, 
freezable, and unfreezable water. Leaves from the fourth and fifth nodes 
were placed in screen wire trays and allowed to dry from 1 to 13 weeks. 
The drying of the leaf was first observable in the central region along the 
midrib; it then proceeded toward the edge, until at 10 weeks the central 
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region of the upper portion of the leaf was tough and brown. The edge and 
base remained turgid and green (fig. 2). The leaves, with attached plant- 
lets, were chopped, ground, and frozen in the manner already described. 

TABLE I 

Total, freezable, and unfreezable water in leaves and internodes of Bryophyllum 

EXPRESSED IN GRAMS PER GRAM OF DRY WEIGHT, AND THE PERCENTAGE 
TTNFREEZABLE WATER 


Materials 

Total water 
IN GM./GM. 
DRY WT. 

Freezable 
water in 
gm./gm. 

DRY WT. 

Unfreezable 

WATER IN 
GM./GM. 

DRY WT. 

Unfreezable 

water 

IN PER CENT. 


gm. 

gm. 

gm. 

% 

Bud with first two leaves and 





internode 

8.447 

7.678 

0.769 

9.11 

2nd leaves 

I 7.770 

6.691 

0.808 

10.40 

2nd internode 

10.233 

9.657 

0.575 

5.62 

3rd leaves 

7.355 

6.718 

0.637 

8.66 

3rd internode 

10.385 

9.706 

0.678 

6.53 

4th leaves ; 

6.470 

6.101 

0.368 

5.69 

4th internode 

9.446 

8.723 

0.723 

7.65 

5th leaves ...: 

5.395 

5.018 

0.376 

6.98 

5th internode 

8.367 

7.643 

0.723 

8.64 

6th leaves 

4.818 

4.614 

0.204 

4.23 

6th internode 

7.189 

6.431 

0.766 

10.64 

7th leaves 

6.409 

5.789 

0.619 

9.66 

7th internode 

3.751 

3.276 

0.475 

12.66 

8th leaves 

9.471 

8.776 

0.694 

7.33 

Basal internodes 

2.692 

2.368 

0.324 

12.05 


During the first 2 weeks of drying the leaves became limp and lost 16.54 
per cent, of their total water. There was a greater amount of total water, 
9.026 gm./gm. dry weight, after 3 weeks of drying than in fresh leaves, 
7.719 gin. (column 2, table II). During thfe third week the roots in the 
notches of the leaves grew more vigorously than at any other time (fig. 1, B) . 
During the next 8 weeks there was from 18 to 58 per cent, more water in the 
drying leaf than in the fresh leaf on the dry weight basis. It was during 
this period that shoots of the regenerating plantlets exhibited the most active 
growth (fig. 1, C). After 11 weeks the plantlets did not noticeably increase 
in size. 

Since the leaf had no access to water, except that present as vapor in the 
atmosphere, it is evident that internal changes were causing a reduction in 
the dry weight. This might be expected, since the energy and materials for 
the production and growth of the plantlets must be derived from the parent 
leaf. If there were any increase in internal solids as a result of photosyn- 
thetic activity in the leaf or the plantlet, it could not have been measured 
except as a difference between the material produced and that used by the 
growing plantlets. 
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There was a greater percentage of nnfreezable water in the leaf and 
young plants after drying for 13 weeks than in fresh leaves (column 5, 
table II) . There was no gradual increase in the unfreezable water as drying 
progressed, as might have been expected, but rather a decrease from 8.09 per 
cent, in the fresh leaf to 3.41 per cent, in the fifth week. The percentage 
of unfreezable water does not appear to increase or decrease in exact pro- 
portion to the total or freezable water, or to the dry weight. It only roughly 
varies directly with the dry weight, and therefore inversely to the freezable 
water. Thus any equilibrium that is established between the freezable and 
unfreezable water must vary from day to day independently of the drying 
process. 

It will be noted that during the eighth week there was less total water 
than during the seventh and ninth weeks (column 2, table II). The roots 
had completed their growth during the fifth week and the most vigorous 
growth of the shoots of the young plants took place during the ninth and 
tenth weeks. The percentage of unfreezable water in leaves that had dried 
for 8 weeks was higher than at any time from the second to the thirteenth 
week (column 5, table II). After 11 weeks the leaves dried out rapidly 
having less freezable and total water, and in the thirteenth week more un- 
freezable water in gm./gm. dry weight. This rapid drying is probably the 
factor that caused the plantlets to stop their growth. They could maintain 
themselves but could not increase in size on the amount of water they could 
obtain from the parent leaf. 

The data in table II are averages of five determinations on each of three 
leaves, in all of which, if attached, the plantlets were considered a part of 
the leaf. 

Series 3. Determination op total, freezable, and unfreezable 

WATER IN PARTS OF THE LEAF AND PLANTLETS, DURING DRYING 

In series 3 determinations were made on the different parts of the leaf, 
and on the plantlets produced at the notches of the leaf to determine the 
amount of total, freezable, and unfreezable water in each portion and the 
changes in the quantitative relation to the drying process. Since the leaves 
first dry out in the central region and leave a margin of green turgid tissue 
at the edge and base, the leaf was so sectioned that the central region was 
examined separately from the edge and base. The leaves that had not dried 
more than 6 weeks were cut along a vein leading to the fourth notch from 
the base of the leaf; then along the margin, one-quarter of an inch from the 
edge, to the apex. After 6 weeks, the leaf was limp and yellow (fig. 1, C), 
in the central region with a definite line of demarcation between the dry area 
and the turgid area at the edge and base. Then the leaf was cut, as shown 
in figure 2, along the solid line. 
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TABLE II 


Total, freezable, and tjnfreezable water in grams per gram of dry weight, 

AND TJNFREEZABLE WATER IN PERCENTAGES 



Material 

Total water 

IN GM./GM. 
DRY WT. 

Freezable 
WATER IN 
GM./GM. 

Unfreezable 

WATER IN 
GM./GM. 

Unfreezable 

WATER 

IN PER CENT. 






DRY WT. 

DRY WT. 






gm > 

gm . 

gm . 

% 

Fresh 

leaf 


7.719 

7.083 

0.625 

8.09 

1-week 

-old ; 

leaf 

6.586 

6.055 

0.530 

8.27 

2 

£ £ 

a 

£ £ 

6.443 

6.019 

0.423 

6.52 

3 

f £ 

a 

£ £ 

9.026 

8.332 

0.698 

8.05 

4 

it 

a 

££ 

12.047 

10.892 

0.655 

5.78 

5 

£ £ 

a 

£ £ 

12.293 

11.890 

0.402 

3.41 

6 

it 

( t 

it 

10.745 

10.135 

0.610 

5.81 

7 

a 

i t 

£ £ 

11.400 

10.567 

0.833 

7.32 

8 

it 

1 1 

££ 

9.088 

8.372 

0.717 

7.88 

9 

it 

t i 

£ £ 

10.420 

9.787 

0.632 

6.07 

10 

it 

£ £ 

£ £ 

11.811 

11.093 

0.718 

6.09 

11 

i £ 

£ < 

it 

11.565 

10.737 

0.827 

7.17 

12 

a 

£ t 

i £ 

7.802 

7.307 

0.505 

6.44 

13 

a 

it 

£ £ 

5.768 

5.061 

0.707 

12.26 


Boots appeared after the second week, and shoots after the fourth week 
(fig. 1, A, B). The most vigorous growth of the shoots took place during 
the ninth and tenth weeks. After 10 weeks of drying the central portion 
of the parent leaf was tough and brown, but the edge and base became even 
more turgid and remained green. After 12 weeks the central region was 
brittle dry, and after 18 weeks the whole leaf was so dry that it would crack 
if picked up by the petiole, and the plantlets would fall off unless the leaves 
were handled with great care. 

In all determinations for the first 14 weeks more total water was found 
in the edge and base than in the central portion of the leaf on the dry weight 
basis. The percentage of unfreezable water was greater in the central por- 
tion than in the tissues at the edge and base during these 14 weeks, except 
the fifth week, at which time the tissues contained only 7.19 per cent, in the 
central portion and 9.32 per cent, in the edge and base (columns 4, 7, table 
III). This exception is not accounted for. In this series the total water 
decreased during the ninth and tenth weeks as it did during the eighth week 
in series 2. In the tissues at the edge and base of the leaf in the eleventh 
week there was more total water per gram of dry weight than at any other 
time. This parallels the determination in series 2, varying slightly in the 
time intervals. The total water in the central region of the leaf, on dry 
weight basis, did not increase after the tenth week of drying but continued 
to decrease until the leaf was brittle dry. The data taken in the eighteenth 
week were entered, in table III -as the eentral region of the leaf since there 
was no green or turgid tissue in the edge and base. 
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The percentage of unfreezable water was greater in the central portion 
of the leaf in each determination, with the exception of the fifth week, than 
in the tissues at the edge and base (columns 4, 7, table III). 

The first determination on the plantlets was made after the leaves had 
dried for 5 weeks. The total water per gram of dry weight is less in the 
young plants from the fifth to tenth weeks than in the central region or the 
tissues along the edge and base, but after 11 weeks the plantlets had more 
total water than the central portion but less than was found in the tissues 
along the edge and base of the leaf. At 18 weeks the plantlets contained 
about thirty-two times as much total water as the leaf, on the dry weight 
basis. 

The percentage of unfreezable water in the young plants is greater from 
the fifth to the eleventh weeks than in the parts of the parent leaf examined 
(columns 4, 7, 10, table III). From the twelfth to the eighteenth weeks 
there was a smaller percentage of unfreezable water in the plantlets than in 
the leaf. The greatest percentage of unfreezable water in the plantlets was 
found during the fifth and sixth weeks. 

The data in table III are averages of four determinations on three leaves 
where material was available. 

Measurements on cuticle thickness and distribution 

OF STOMATA ON LEAVES 

Since Bryophyllum has the ability to retain its water to a remarkable 
degree, the cuticle and stomata were examined to determine their role in 
this water-retention if possible. The cuticle was examined from prepared 
slides, and the stomata were counted from impressions made of celloidin 
peels of the upper and lower surfaces of the leaves. 

The cuticle of the upper epidermis was 4 p thick and that of the lower 
epidermis only 2 jj. On the upper epidermis of a mature leaf there were 
20 stomata per mm. 2 and on the lower 46 per mm. 2 On the leaf of a plant- 
let there were 20 stomata per mm. 2 on the upper and 30 on the lower epider- 
mis. The cuticle is no heavier than on most mesophytes. If the average 
number on the upper epidermis of a mesophyte is 120 per mm. 2 and the 
average for the lower is 140 then the leaves of Bryophyllum have fewer 
stomata than mesophytes.. This cuticle and epidermis of the mature leaf 
and the plantlet could hardly be thought of as responsible for the water- 
retaining properties of Bryophyllum. 

Turrell (22) reports that the ratio of the internally exposed surface to 
the externally exposed surface of a leaf of Bryophyllum is only 7.8. This 
is the lowest ratio he reported in all of the plants he examined. This feature 
of the leaf structure may account in part, at least, for the ability of the leaf 
to hold its water against drying during an 18-week period. The internally 
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exposed surface, with the reduced number of stomata, may be in part 
responsible for the water-retaining capacity of the leaf. 

Discussion 

The distribution of total water in the whole plant, when the leaves and 
portions of the stem were examined, indicate that more total water per gram 
of dry weight was contained in the younger portions of the stem than in 
the leaves attached to those portions (column 2, table I). There was a 
higher percentage of unfreezable water in the second and third pairs of 
leaves than in the second and third internodes of the stem. As the stem 
became drier in the lower internodes the unfreezable water increased (col- 
umn 5, table I) . The bud, with the first set of leaves and the first internode, 
contained more total water than any of the leaves except those at the eighth 
node, which appeared to be water storage organs. The plants used were 
potted during the late autumn, and the leaves at the eighth node were smaller 
and thicker, never increasing in size as did the younger leaves. 

In these plants in which the whole leaf and stem portions were examined, 
a large amount of total water was accompanied by a small amount of un- 
freezable water. The freezable water increased as the total water increased 
but the unfreezable water decreased, and conversely as the total water de- 
creased the unfreezable water increased. In the leaves this relationship was 
less striking than in the stem. 

When the whole leaf was examined during a period of drying, the total 
water and freezable water appeared to increase from the third to the eleventh 
week of drying (columns 2, 3, table II). This apparent increase of water 
must have been due to an actual decrease in the dry weight, since it is highly 
improbable that the leaves would take up more water from the atmosphere 
than they could from a plant growing in well-watered soil. 

Mothes (14) states that there is a greater respiration intensity in wilted 
leaves than in normal ones. He reported that in Relianthus there was a 
translocation of materials from the older leaves to the younger until the 
older leaves were exhausted. Any translocation that takes place in the 
detached leaves of Bryophyllum must be from one part of the leaf to another 
or to the young plantlets on the margin of the leaf. Translocation cannot 
take place to anything outside of the leaf or the plantlets, and the loss in 
dry weight must be due to respiration. The greatest loss in dry weight, as 
measured by the increase of total water in grams per gram dry weight, took 
place during or immediately following the most vigorous growth of the plant- 
lets at the margin of the leaf. During the period of loss in dry weight the 
freezable water increased but the unfreezable water decreased. 

As the leaf dries, in the manner described in series 2, the unfreezable 
water decreases until about the fifth week of drying (column 5, table II). 
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This decrease is not a steady decrease but an irregular one. After the fifth 
week the percentage of unfreezable water increases, not steadily but irregu- 
larly, until at 13 weeks it reaches 12.26 per cent., which is the highest found 
in the drying leaves. This final percentage is 4.17 per cent, above that of 
the fresh leaves examined 13 weeks before. The total water per gram of dry 
weight is 5.768 gm. after 13 weeks of drying as compared with 7.719 gm. in 
the fresh leaf (column 2, table II). This is one-fourth less total water in 
the 13-weeks-old leaf than in the fresh leaf on the dry weight basis. 

Thus, it might at first appear that there was an increase in the percentage 
of unfreezable water in the process of severe drying. Almost one-half of 
the increase took place in the last week. The percentage of unfreezable 
water was 6.44 per cent, after twelve weeks of drying or 1.65 per cent, less 
than in the fresh leaf . It was between the determinations made the twelfth 
and thirteenth weeks that the most rapid drying took place, and the per- 
centage of unfreezable water increased most during the thirteenth week. It 
therefore appears that the increase in percentage of unfreezable water is not 
responsible for the capacity of Bryophyllum leaves to retain water during 
severe drying, but rather increased merely as the result of this drying 
process. 

The results of the measurements in series 3 indicate a shift of the total 
water from the central portion of the leaf to the edge and basal tissues. In 
the fresh leaf there were 5.611 gm. of total water in the central portion and 
6.160 gm. in the edge and base per gram of dry weight (columns 2, 4, table 
III). At 6 weeks there were 7.405 gm. in the central portion aftd 10.257 
gm. in the edge and base, and at 11 weeks 6.56 gm. in the central region and 
13.269 gm. of total water in the edge and base per gram of dry weight. The 
ratios of total water in the marginal and basal tissues to the central tissues 
are: in fresh leaves, 1.09; after 6 weeks, 1.37; 11 weeks, 2.02; and at 14 
weeks, 8.65. The ratios of grams of unfreezable water in the edge and base 
to the central region are : in fresh leaves, 0.72 ; after 6 weeks, 0.43 ; 11 weeks, 
0.74 ; and 14 weeks, 0.27. Thus the ratio of unfreezable water in the edge 
and base of the leaf to the central portion decreases markedly as the leaf 
dries. Since the edge and base resist drying longer than the central region 
and if the unfreezable water was responsible for this resistance, then the 
ratios should increase. This was found not to be the case. 

The movement of the water from the central region to the edge and basal 
tissues will maintain the young plants at the margin of the leaves. The 
increased unfreezable water in the central tissues of the leaf seems to be the 
result of the shift of the total water to the marginal and basal tissues rather 
than a means for the shift. The shift may be caused by greater osmotic 
values of the tissues at the margin. Freeland (4) found in some of the 
leaves of Bryophyllum that were producing new plants at the margin, a 
greater osmotic value at the margin than in the central region. 
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In the plantlets the total water in grams per gram of dry weight was 
observed to be less than that of the leaf from the fifth to the eleventh week 
(column 8, table III). However, at the end of 18 weeks there were 4.213 
gm. of total water in the plantlets and only 0.130 gxn. in the parent leaf on 
the dry weight basis. The plantlets remained turgid and green while the 
parent leaf was brittle dry. The percentage of unfreezable water in the 
plantlets decreased from 11.81 per cent, in the very young plants to 5.73 
per cent, after drying for 7 weeks, then increased to 10.14 per cent, after 
drying for 13 weeks (column 10, table III). If the unfreezable water were 
responsible for the ability of these plantlets to retain their water it should 
increase, if not from the first determination then certainly after 13 weeks of 
drying. This was not the case. In the plantlets there is less relation 
between the severe drying and the unfreezable water than in the drying leaf. 

It appears that the unfreezable water in BryopJtylhtm leaves increases 
with the severe drying of the leaves and cannot be responsible for the water- 
retaining capacity of the leaf and plantlets. The unfreezable water shows 
less correlation to the drying in the plantlets than in the parent leaf. 

Summary 

1. The term freezable water is used to designate that state of water re- 
ferred to by some authors as “free” water, and unfreezable water as that 
referred to as “bound” water. 

2. Since measurements of unfreezable water in the tissues of plants had 
been frequently employed in attempts to interpret the changes occurring in 
cold hardening, and very little had been done on drought resistance in rela- 
tion to the unfreezable water content of tissues it seemed desirable to deter- 
mine the total, freezable, and unfreezable water in Bryophyllum leaves 
during severe drying. 

3. In the whole plant in general there was a correlation between the age 
of the tissue examined and the percentage of unfreezable water it contained, 
that is, the older the tissues the greater the percentage of unfreezable water. 
The bud, however, contained less unfreezable water than did tissues of 
intermediate age. 

4. As the leaf dries out the percentage of unfreezable water increases as 
a result of the loss of freezable water by evaporation. The increase in the 
unfreezable water does not seem to the writer to be responsible for the water- 
retaining ability of the leaf but rather a result of the drying. 

5. In the plantlets, where there is the greatest ability to retain the water 
against atmospheric drying, there is less correlation between the unfreezable 
water and the drying than in the drying of the parent leaf. The youngest 
plants on the margin of the leaves have the greatest percentage of unfreezable 
water. 
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6. The reduced internally exposed surface and the reduced number of 
stomata may be responsible for the ability of Bryophyllum leaves to retain 
their water. 

The writer wishes to thank Dr. C. A. Shull for suggestions and criticisms 
during this investigation. Thanks are also due the Otho S. A. Sprague 
Memorial Institute of the University of Chicago for the use of their equip- 
ment, and the members of its staff for assistance in assembling it. 

University of Chicago 
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ASSIMILATION OF AMMONIUM AND NITRATE BY PINEAPPLE 
PLANTS GROWN IN NUTRIENT SOLUTIONS AND ITS 
EFFECTS ON NITROGENOUS AND CARBO- 
HYDRATE CONSTITUENTS 1 ' 2 

C. P . Sideris, B. H. Keauss, AND H. Y . YOUNG3 
(WITH TWENTY-TWO FIGURES) 

Introduction 

The nutrition of pineapple plants, Ananas comosus Merr., with either 
ammonium or nitrate salts is exceedingly interesting from the point of view 
of plant growth and performance. Because the complexity of factors in- 
volved in a problem of this type is great and a satisfactory solution is diffi- 
cult without recourse to methods offering greater control of the external 
nitrogen supply than can be obtained by growing plants in soil, the studies 
presented in the following pages were carried out- with plants grown under 
greenhouse conditions in complete nutrient solutions containing either am- 
monium or nitrate nitrogen. In a subsequent publication similar data will 
be presented on plants grown under various other conditions and fertilized 
with either ammonium sulphate or sodium nitrate. 

Stewart, Thomas, and Horner (14) studied the ammonium and nitrate 
nutrition of pineapple plants with results which may be stated briefly as 
follows: “The best growth was made by plants growing in the normal nitrate 
nitrogen cultures; those in one-fourth normal cultures made a very poor 
growth. Under the conditions of this experiment ammonia nitrogen was not 
readily utilized from the full strength normal nutrient solution. The plants 
in the ammonia cultures diluted to one-fourth made a better development 
than those in the full strength solutions. This would appear to suggest that 
under field conditions the pineapple plant probably uses nitrogen in both 
the nitrate and ammoniacal forms.” Although the studies of these investi- 
gators indicate the direct assimilation of ammonium without previous con- 
version into nitrate, they have left untouched the phases concerned with the 
movement and assimilation of ammonium and nitrate nitrogen in the various 
organs and tissues of the plant. 

In 1935 the senior author reported (12) various studies concerned with 
the relative degree of absorption and movement of nitrate nitrogen and its 
assimilation by the various sections of pineapple plants. The studies men- 

1 Published with the approval of the Director as technical paper no. 105 of the Pine- 
apple Experiment Station, University of Hawaii. 

2 The second of a series on ammonium and nitrate nutrition. 

3 Presented in part by the senior author in the meetings of the American Society of 
Plant Physiologists at St. Paul, Minnesota, in June, 1935. 
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tioned indicated that the assimilation of nitrate in the roots, stem, and white 
basal leaf tissues was extremely slow. In the green tissues of the leaves the 
rate of nitrate assimilation was very rapid. 

Some of the more outstanding contributions on ammonium and nitrate 
nutrition have been presented in the first paper of this series (13). For a 
very comprehensive and thorough review of the literature of nitrogen nutri- 
tion the reader is referred to a recent publication by Nightingale (8). 

Methods of experimentation 
Cultural methods 

Cion planting material of uniform weight and appearance was employed. 
The plants were rooted and grown in Mason jars filled with 1800 cc. of 
nutrient solution containing either ammonium or nitrate as nitrogen sources. 
The chemical composition of the solution containing ammonium nitrogen is 
shown in table I. 

TABLE I 

Composition op ammonium nutrient solution 


Salts used 

Parts per million 


N 

P 

K 

Ca 

Mg 

Cl 

S Fe 

Ammonium sulphate 

28 

, 

1 ■ * ' : ■ ■ 

■ : ■ 





82 

Potassium phosphate 


15 

20 






Potassium sulphate 



40 





! 32 

Calcium chloride 





40 


70 


Magnesium sulphate 






24 


32 

Iron sulphate 








3 5 

Microelements : 

■ 








B, Zn, Mn, Al, Si, Cu, Ti, 

. ■ 




i 




Br, I, 0.5 to 1.0 p.p.m. each 

! ' ; 








Total 

28 

15 

60 


40 

24 

70 

99 5 


The solution was initially adjusted to pH 5.4 and was maintained at pH 
5.0 ± 0.6 by small quantities of 0.1/N NaOH, added at intervals as required. 

The composition of the solution containing nitrate nitrogen is shown in 
table II. 

The solution was originally adjusted to pH 4.8 and was maintained at 
pH 4.8 ±: 0.6 with the addition of calculated amounts of 0.1/N H 2 S0 4 as 
required. 

The concentrations of the various ions of both nutrient solutions, when 
•compared with those of other well known complete solutions, were very low. 
The reasons for adopting these low concentrations were (1) the relatively 
low rate of growth of the pineapple plant; and (2) the comparatively high 
temperature conditions of the greenhouse during the summer months. Both 
conditions favor abnormally great accumulation of salts in plant tissues. 
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TABLE II 

Composition of nitrate nutrient solution 


The nutrient solutions were changed weekly, at which time the volume 
of absorbed and evaporated water and the weight of the plants were deter- 
mined. At the time of harvest the plants were about four and a half months 


Methods of sampling 

For the preparation of the plant tissues for chemical analysis the leaves 
were detached from the stem and divided, on the basis of maturity, into four 
groups. These groups were further subdivided into sections of different age 
and physiological function as. indicated. 

Leaf and stem grouping and sectioning. — Pineapple plants (fig. 1) are 
propagated under field conditions from three asexually produced vegetative 
organs known respectively as suckers, slips, and crowns, each of which re- 


Fig. 1. Pineapple plants (A.) before, and (B) after development. 


Salts used 

Parts per million 


N 

P 

kn 

Q 

9= 

Mg 

Cl 

S Pe 

Calcium nitrate 

28 


40 




Potassium phosphate 


15 

20 




Potassium sulphate 



40 



32 

Magnesium sulphate 




24 


32 

Iron sulphate 






3 5 

Microelements : 







B, Zn, Mn, Al, Si, Cu, Ti, 







Br, I, 0.5 to 1.0 p.p.m. each 







Total 

28 

15 

60 40 

24 

0 

67 5 
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Fig. 2. Different leaf groups, and sections, as indicated with the white lines. 

group are shown. Each group was then subdivided into morphologically 
and physiologically homogeneous sections as shown in figures 2 and 6. The 
stem was also divided into sections, each one of which corresponded to and 
was delineated by the region of attachment of the respective leaf groups as 
shown in figure 4. 

The characteristic morphological features of leaves associated with the 


quires a different period from planting to fruiting on account of differences 
in initial weight and stage of ontogenetic development. The initial number, 
length, and weight of the leaves and the length, diameter, and weight of the 
stem of these various types of propagating material vary. The leaves which 
are produced at successive intervals after planting increase in length, width, 
and weight until the fruiting stage is reached, as shown in figure 1-B. All 
leaves formed during the latter stage are comparatively small and are borne 
on the peduncle. Pineapple plants bear leaves simultaneously with stages 
of development ranging from embryonic to senescent. Similar differences 
in developmental stage may be found between the tissues of the basal and 
terminal sections of the same leaves. The basal sections, on account of their 
association with meristematic tissues, are from the point of view of anatomi- 
cal and functional development embryonic, while the terminal sections are 
senescent. 

With these facts under consideration we divide the entire leaf system of 
the plant, as well as possible, into chronologically homogeneous groups, as 
shown in figure 2, where 25 per cent, of the representative leaves of each 
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chronological development of the different groups of six-months-old plants 
may he stated as follows : 

Leaf groups. — 

A Old leaves of the planting material . — These are the leaves which, after 
planting, produce no new growth, as attested by the absence of 
groups of lateral spines at distances slightly above the base (figs. 
1-a, 2, 6). 

B Leaves of the planting material with new ■ growth. — They represent 



Fig. 3. A leaf of the B group showing spines and constrictions. 

leaves already present on the planting material and which after 
planting produce new growth as attested by the lateral spines and 
the point of constriction of the leaf (figs. 1, 2, 3, 6). 

C Mature leaves produced after planting . — The most mature of the new 
leaves. They have broad bases containing little or no succulent- 
brittle non-chlorophyllous tissue and have lateral points at the 
base decidedly expanded. 4 Their number varies from 6 to 15 
according to plant age (figs. 1, 2, 5, 6). 

4 * ‘ Expanded ’ ? indicates stretched condition. 
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D Active or longest leaves . — The longest leaves on the plant number 
from 6 to 12, depending on plant-size and age. In non-fruit-bearing 
plants, the leaf -base consists of succulent-brittle non-chlorophyllous 
tissues, slightly broader than the green blade proper, and with no n- 
expanded lateral points ; while in fruit-bearing plants it lacks suc- 
culent-brittle non-chlorophyllous tissues, is tough and with lateral 
points prominently expanded (figs. 1-a, 2, 5, 6). 


Tig. 4. External (left) and internal (right) view of a stem. 

E Immature or shoulder leaves . — These are borne on the shoulder of 
the stem (transition zone from stem proper to peduncle) and may 
number from 6 to 12, depending on plant age and size. In non- 
fruit-bearing plants the base of the leaves is narrower than the 
green blade proper and contains great amounts of succulent-brittle 
non-chlorophyllous tissues. In fruit-bearing plants these leaves 
occupy the region between the suckers and the base of the peduncle. 
Then their bases become broader than the green blade proper, and 
lack succulent-brittle non-chlorophyllous tissues (figs. 1, 2, 6). 
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F x Youngest or apical leaves . — The youngest leaves on the plant in 
stages preceding peduncle formation. They may number from 9 
to 18, depending on the size and age of the plant. The width of 
their base is either the same or slightly narrower than that of the 
green blade proper (figs. 1, 2, 6). 

The nomenclature adopted for the different leaf sections is based on 
certain morphological characters and on chlorophyll distribution. They are 
shown in figure 5 and are as follows : 


Terminal chlorophyllous 


Intermediate chlorophyllous 


Neck 

Transitional sub-ehlorophyllous 
Basal non-ehlorophyllous 

Lateral points 

Fig. 5. Nomenclature of the different sections and other parts of a leaf. 


Leaf sections. — 

1 Basal-non-chlorophyllous . — The white basal tissues of leaves. (It 

varies considerably in area and weight in the respective groups of 
leaves according to their stage of development.) 

2 Transitional s%ib-chlorophyllous .— The transition region between the 

chlorophyll-free base and the chlorophyllous tissues of the green 
blade proper, better delimited in mature leaves by the neck, and in 
immature ones by the lower limit of the chlorophyllous tissues. 

3 Lower chlorophyllous . — Approximately the lower third of the green 

blade proper. 
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4. Intermediate chlorophyllous . — Approximately the middle third of the 
green blade proper. 

5 Terminal chlorophyllous . — Approximately the terminal third of the 
green blade proper. 



GROUPS OP LEAVES ANP SECTIONS SECTIONS 

Pig. 6. Diagrammatic representation of the leaves, etc. 

The relative amounts of the tissues making up each plant section that 
was employed for an analytical sample may be obtained by referring to 
figures 6 and 7 where the different sections are well defined and the magni- 
tude of each section is represented on a percentage basis. 


cm •’ wfi/fe 

cm . 77'0/?£,/ftCS>ct/ 0, fSsa/)/;y//0£*S 

em Law grae/? 

/rrfe/'sneef/afe aree# 

® 7e,r/?7/f70/ 

Stem s>ecf/e>s?& 

133 Vertex 
Ea " meaf/e/ 

im > ap/c#/ 

m P/f/? 6ae,a/ 

EZ1 « meef/at 

•• ap/ce*/ 


leaf' frot/ps 


Fig. 7. Relative percentage distribution of the weights of the various leaf and stem 
sections which were each employed as separate analytical samples. 
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Analytical methods 

For each sample between 25 and 50 grams of fresh tissues, obtained from 
each section of the plant as described, were shredded and placed in flasks 
containing about 100 ml. of boiling water, and kept boiling for a period of 
20 to 40 seconds, to inactivate any enzymes present. The flasks were then 
allowed to cool and toluene was added. Shortly afterwards, or at most in 
the course of a month, the various samples were ground in a brass mortar 
with quartz sand and analysed for different fractions of inorganic, soluble or- 
ganic, and protein nitrogen, and for total and reducing sugars. The meth- 
ods employed for the analysis of different nitrogenous fractions and sugars 
have been presented and discussed in the first paper of this series (13). 
Total sugars were determined after hydrolysis with invertase. 

Chlorophyll was extracted from fresh tissues and was separated from the 
carotenoid pigment according to Schertz’s method (9). It was then deter- 
mined colorimetrically using Guthrie's (2) standard. 

The water content of the various sections was determined after drying 
fresh tissues of known weights in a drier at about 100° C. 

Results 

Rate and amount of growth, water absorption, moisture and 

CHLOROPHYLL CONTENT 

As plotted against time the growth curve of pineapple plants (fig. 8) 



Eig. 8. Relative growth in grams of plants at different stages of development with 
either ammonium or nitrate nutrition. 
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five months old is J-shaped, because it represents only about one-half of the 
growth cycle of the plant. For plants having completed their growth cycle, 
a sigmoid curve, resembling that of autocatalysis, is obtained. Such a curve 
was obtained by Stewakt, Thomas, and Horner (14) and by Horner (4) 
for plants grown under field conditions. 

TABLE III 

Mean weight of plants (M) at different stages of development grown in solutions 

WITH EITHER AMMONIUM OR NITRATE NUTRITION, TOGETHER WITH VALUES OF 
STANDARD DEVIATION (<j), COEFFICIENT OF VARIABILITY (C), 

AND PROBABLE ERROR (E) OF THE MEAN 


Bate 

Ammonium N. 

Nitrate N, 

• M 

a 

C 

E 

M 

cr 

C 

E 


gm. 


% 


gm. 


% 


Bee. 26 

124 

19.6 

15.8 

± 3.8 

134 

10.4 

8.0 

± 2.0 

Jan. 7 

180 

20.2 

15.5 

± 3.8 

141 

14.7 

10.5 

± 2.8 

Jan. 21 

140 

22.0 

15.8 

± 4.1 

153 

16.0 

10.4 

± 3.0 

Eeb. 4 

164 

25.0 

15.2 

± 4.7 

175 

17.1 

9.8 

± 3.2 

Feb. 18 

193 

30.0 

15.5 

± 5.7 

203 

22.0 

10.7 

± 4.1 

Feb. 25 

227 

37.4 

16.5 

± 7.3 

237 

33.0 

13.9 

±: 6.4 

Mar. 11 

266 

40.0 

15.0 

± 7.8 

276 

34.1 

12.3 

± 6.6 

Mar. 28 

320 

47.0 

14.9 

± 9.2 

325 

38.7 

11.9 

± 7.6 

Apr. 11 ......... 

368 

51.0 

13.9 

± 10.0 

381 

48.0 

12.6 

± 9.4 

Apr. 30 ......... 

430 

56.7 

13.2 

± 11.0 

446 

52.4 

11.8 

± 10.2 


In table III the mean weight values of the ammonium and nitrate series 
of plants together with their statistical treatment are presented. The vari- 
ability (C) in the plants of both series ranged, throughout their entire 
growth, from 8 to 16 per cent. The slightly greater variability in the am- 
monium- than in the nitrate-supplied plants was caused in certain cases by 
an accidental infection by pythiaceous organisms which produced a greater 
amount of root rot in the ammonium than in the nitrate series. Differences 
between the two series of plants in rate and amount of growth are insignifi- 
cant, indicating that either ammonium or nitrate salts promoted growth at 
practically the same rate, provided other conditions were favorable. 

The volume of water absorbed from the nutrient solution for every gram 
of fresh tissue produced (the transpiration intensity of the plant) was 
greater in the ammonium than in the nitrate series as shown in figure 9. 
The values obtained agree fairly well with those obtained by Krauss (5). 
The difference in transpired water between the two lots of plants is corre- 
lated with the greater tissue succulence of plants of the ammonium series. 
The moisture content of the various sections is reported in figure 10. The 
values for the ammonium series are in general higher than those for the 
nitrate-supplied plants, indicating a greater degree of succulence for plants 
of the ammonium series. 



SIDERIS, KRAUSS, AND YOUNG : NITROGEN ASSIMILATION 499 

The distribution of chlorophyll in the various sections of leaves varies 
considerably as shown in figure 11. The amounts for corresponding tissues 
are greater in 11-A than in 11-B indicating that ammonium more than 
nitrate nutrition favored the formation of chlorophyll. The factors respon- 
sible for greater amounts of chlorophyll in the plants of the ammonium than 
in those of the nitrate series probably are the greater amounts of absorbed 



Pig. 9. Transpiration intensity of plants with ammonium and with nitrate nutrition. 

nitrogen and the higher acidity in the nutrient solution and on the surface 
of the roots, caused at least in part by unequal absorption of ammonium and 
sulphate ions. Under such conditions iron and phosphorus as well as certain 
other elements would remain in solution and therefore be more available. 
The residual effect in the case of nitrate nutrition is that of decreased acidity 
owing to a more rapid absorption of the nitrate than the calcium ions. 

With higher amounts of chlorophyll in the leaves synthesis of greater 
quantities of sugars might be anticipated. However, the quantities of sugars 
in the tissues of the ammonium series of plants with higher amounts of 
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leaf sections 
□ las a/ while 
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ma\ * /nerfia/ 

r— i "« apical 

eg P/ib base?/ 
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Fig. 10. Percentage water content of various sections of pineapple plants with 

ammonium nutrition (A), and with nitrate nutrition (B). 
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Fig. 11. Chlorophyll content of various leaf sections with ammonium nutrition (A), 
and nitrate nutrition (B). 
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chlorophyll were not any greater than those of the nitrate series. This may 
well have been caused in part by the great utilization of sugars or their 
derivatives in organic nitrogen synthesis, which, as will be subsequently 

shown, took place at a relatively higher rate in the leaves of the ammonium 
group. 

Relative absorption of ammonium and nitrate nitrogen 

Our discussion of the work of other investigators (13) has indicated that 
ammonium is a better source of nitrogen under field conditions than nitrate 
In culture solutions Stewart, Thomas, and Horner (14) have pointed out 
that nitrate in high, and ammonium in low concentrations were satisfactory 
sources. The analytical data of these investigators (p. 234, table 5) how- 
ever, show that the quantities of nitrogen in the tissues of the plants groTn 
either m high or low ammonium or nitrate cultures were consistently greater 
m the plants with ammonium nutrition, in spite of the adverse statements 

that amm ™ in the “ normal st ^th’’ culture was not 
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Accordingly, an experiment on direct nitrogen absorption was established 
to measure the quantities of ammonium or nitrate nitrogen absorbed as such 
from the nutrient solution. Plants with highly uniform root and leaf sys- 
tems were selected and placed in containers with either ammonium or nitrate 
nitrogen in equal amounts. Light and temperature conditions and the 
initial pH 5.0 ± 0.4 were as nearly alike as possible in both cases. At in- 
tervals of 2, 4, and 7 days the quantities of nitrogen removed were deter- 
mined by analysis of the residual culture solutions. The results obtained are 
reported in table IV, and figure 12. 


TABLE IV 

Mean values of absorbed nitrogen per plant from solution cultures 

WITH EITHER AMMONIUM OR NITRATE NITROGEN 


Days 

Absorbed nitrogen 

AS 

Eatio 

nh 4 ~n 

Ammonium 

Nitrate 

no 3 ~in 


mg . 

mg . 


2 

116 

57 

2.0 

4 

215 

69 

3.1 

7 

260 

88 

3.1 


The values of absorption of either ammonium or nitrate nitrogen, as 
stated in table IV, do not apply to the entire growth cycle of the plant but 
only to that part between the second and third months after planting. That 
this rate of absorption is maintained throughout the entire growth cycle is 
very doubtful. Analytical data, however, have shown in certain of the cases 
already mentioned and in those reported below that the plants absorbed 
nitrogen more rapidly from the ammonium than from the nitrate cultures. 

Distribution of the absorbed nitrogen in the plant 

The terms inorganic and unassimilated nitrogen are synonymous. When 
inorganic nitrogen either as ammonium or nitrate enters the roots, it may 
be converted immediately into organic nitrogen or it may be translocated 
through the water conducting tissues to the stem and then to the leaves. 
Organic nitrogen is segregated for convenience on the basis of whether it is 
soluble or insoluble in water. Soluble organic nitrogen comprises such frac- 
tions as amide (glutamine and asparagine), mono-amino (mostly nitrogen of 
alpha-amino acids), basic (mostly nitrogen from diamino acids) and rest 
nitrogen (undetermined compounds). Insoluble organic nitrogen is com- 
posed almost exclusively of protein. In the analyses which follow, proteins 
have been hydrolysed with sulphuric acid and the resulting fractions deter- 
mined separately. 
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In tables V and VI are presented all the data on the analyses of the vari- 
ous tissues of both series of plants. Tables VII and VIII contain practically 
the same data as V and VI except that the values of the different nitrogenous 
fractions are reported on a percentage basis, which facilitates comparison. 
Figures 13-A to 18-A illustrate graphically the quantities of the different 



Pig. 13. Distribution of inorganic, soluble and insoluble organic nitrogen frac- 
tions in the roots of plants with ammonium nutrition (A), and nitrate nutrition (B). 

fractions of nitrogen in the various sections of the plants supplied with 
ammonium nitrogen, and figures 13-B to 18-B illustrate the nitrogen compo- 
sition of plants supplied with nitrate nitrogen. 

Boots. — The outstanding results in the chemical composition of the root 
tissues of the ammonium and nitrate cultures (fig. 13) are: (a), very small 
amounts of ammonium in the roots of plants supplied with this nutrient, 
indicating a very high rate of assimilation of ammonium; (b), very great 
quantities of nitrate in the roots of plants with nitrate nutrition, indirectly 
indicating that it is absorbed fully but assimilated at a relatively slow rate ; 
(c), large amounts of soluble organic nitrogen in the roots of the ammonium- 
supplied plants and comparatively small quantities in those of the nitrate 
cultures, results clearly in harmony with the relative amounts of (ab- 
sorbed) ammonium and nitrates; and (d), very great quantities of 
insoluble organic nitrogen in the plants receiving nitrate nutrition and the 
low quantities in those of the ammonium cultures suersrestiup- in fbo lo ++/■»**■ 



Distribution op inorgan k\ soluble organic and insoluble organic nitrogen fractions in the different sections of the leaves, stem 
and roots of Ananas comosus (L.) Mere, grown in ammonium solution cultures 
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and roots of Ananas comosus (L.) Merr. grown in nitrate solution cultures 
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Milligrams of inorganic, soluble organic, insoluble organic, and total nitrogen per gram of fresh weight in the different sections of the plant, together with 

PERCENTAGE VALUES OF THE SAME AND OF THEIR FRACTIONS AS FOUND IN PINEAPPLE PLANTS GROWN IN SOLUTION CULTURES CONTAINING NITRATE NITROGEN 
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ease the possible absence of certain substances essential for protein synthesis. 
It is difficult to explain the presence of comparatively great quantities of 
protein nitrogen in the presence of very small amounts of soluble organic 
nitrogen and of a large reserve of nitrate nitrogen. The authors ? opinion 
is that such proteins are synthesized from soluble organic nitrogen trans- 
located from the leaves through the stem and are probably not newly syn- 
thesized by the root tissues. Further studies are necessary to prove or 
disprove this contention. It is also possible that the great amounts of pro- 
tein in the plants of the nitrate cultures are caused by a greater condensa- 
tion of amino acids to protein nnder conditions of high sugar content. 
Total nitrogen values reported in tables VII and VIII are about 7,5 per 
cent, greater for the nitrate than for the ammonium-supplied plants, possibly 
on account of the accumulation of greater quantities of proteins. 

Stems. — The quantities of ammonium in the stems of the ammonium- 
supplied plants, as shown in figure 14-A, are exceedingly small and no nitrate 
is present. Explanations for both conditions have been offered in the sec- 
tion on roots and they apply equally well in the present case. 

The values for soluble organic nitrogen are relatively high, indicating a 
high rate of translocation from the roots and a transient accumulation in 
the stem. It will be noted that the amounts of the different fractions are 
greater in the apical (D + E) than in the intermediate (C) and the basal 
(A + B) sections of the stem. It is possible that part of the soluble organic 
nitrogen fraction has been translocated to the stem from the leaves. 

The relative amounts of protein (insoluble nitrogen) in the stem are 
comparatively moderate, but greater than in the roots and smaller than in 
the C and D groups of leaves. Carbohydrates or their derivatives are essen- 
tial for protein synthesis from inorganic nitrogen and they are found in 
greater amounts in the stem than in the roots. 

The amount of nitrate nitrogen in the stems of the plants of the nitrate- 
supplied series is comparatively high, according to the data shown in figure 
14-B, which indicates a direct movement of this substance from the roots. 
It also indicates that its rate of assimilation in the stem is very low. Am- 
monium nitrogen is found only in traces in the various tissues, the possible 
sources of which have been already mentioned. 

The amounts of soluble organic nitrogen in the stem are very great as 
compared to those in the roots and leaves. We cannot explain this condi- 
tion in any other way except that the soluble fractions of organic nitrogen 
have been translocated from the leaves where nitrate nitrogen is assimilated 
very readily. Protein nitrogen in the stem is low when compared with that 
in the roots and leaves. The presence of great amounts of soluble organic 
and of small amounts of insoluble organic nitrogen indicate that the later 
steps in protein synthesis do not take place rapidly in the stem. Although 
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Fig. 14. Distribution of inorganic, soluble and insoluble organic nitrogen fractions 
in the various sections of the cortex and pith of the stem of plants with ammonium nutri- 
tion (A), and nitrate nutrition (B). 
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no satisfactory explanation can be offered, it may be pointed out that nitrate- 
supplied plants of many species display similar differences in the protein 
content of leaves, stems, and roots. 

In a comparative study of the distribution of the soluble and insoluble 
fractions of organic nitrogen in the stem tissues, very little difference can 
be found between the plants of the ammonium and those of the nitrate series, 
possibly because of the position of the stem between roots and leaves, the two 
most active assimilating organs and sources of organic nitrogen. Total 
organic nitrogen as shown in tables YII and VIII and in figure 14 was con- 
sistently greater in the ammonium than in the nitrate-supplied plants. 

Leaves. — 

Old leaves ( group B ). — This group of leaves represents planting- 
material-leaves which are composed of relatively old and partly senile 
tissues. The composition of the tissues of these leaves, therefore, cannot be 
compared with that of the other leaf -groups. The data in figure 15-A, show 
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Fig. 15. Distribution of inorganic, soluble and insoluble organic nitrogen fractions 
in the various sections of old leaves (group B) of plants with ammonium nutrition (A) , 
and nitrate nutrition (B). 


the distribution of the different nitrogen fractions in the old leaves (group 
B) of the ammonium-supplied plants. There is indicated a very small con- 
centration of ammonium and no nitrate in the various leaf sections. The 
amounts of soluble organic nitrogen are comparatively high, while those of 
protein or insoluble nitrogen are low. It is possible that the high values of 
soluble organic nitrogen represent translocated nitrogen which, owing to 
cessation of growth of the old leaves, is not utilized in the formation of new 
tissues ; or it may represent decomposition products which are released from 
the proteins of senile tissues by hydrolysis. 

The data presented in figure 15-B for the nitrate-supplied plants show 
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very small amounts of ammonium nitrogen in the white basal leaf tissue, 
but somewhat greater quantities of nitrate. Nitrate nitrogen has apparently 
entered the basal non-chlorophyllous tissues after passing through the roots 
and stem. However, it disappeared, presumably, as it penetrated into the 
chlorophyllous tissues. 

Soluble organic nitrogen occurred in relatively small amounts in the 
old leaves of the nitrate-supplied plants. Amide nitrogen constituted a 
much greater portion of the soluble organic nitrogen fraction than mono- 
amino nitrogen. The latter was associated with plants of the ammonium 
rather than with those of the nitrate series, in the leaves concerned. 

The concentration of protein nitrogen was, as in all the cases of nitrate 
nutrition so far studied, comparatively great. No statement can explain 
satisfactorily this condition in the absence of greater and more detailed data. 
Total organic nitrogen values were, on an average, 25 per cent, higher in 
the plants grown in the cultures with ammonium than in those with nitrate 
as figure 19 and tables VII and VIII show 7 . 

Mature leaves ( group C ). — This group represents the first leaves pro- 
duced by pineapple plants after planting which in order of development are 
the oldest excepting those initially present on the planting-material piece. 
On plants five months old the number of such leaves is about 6, while in 
older plants it increases. The analytical data presented in figure 16- A show 
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that for ammonium-supplied plants, the amounts of ammonium nitrogen in 
the various sections of the old leaves were exceedingly small, while nitrate 
was entirely absent. Soluble organic nitrogen occurred in comparatively 
moderate concentrations with the mono-amino fraction present in greatest 
amounts. The insoluble organic nitrogen content was very high. The con- 
ditions favoring the synthesis of this fraction were probably very good in 
the green tissues of the old leaves where sugars, essential for protein syn- 
thesis, were present in sufficient quantities. 

The quantities of ammonium nitrogen, as shown in figure 16-B, were very 
small for nitrate-supplied plants, wdiereas those of nitrate were exceedingly 
high in the basal, non-ehlorophyllous tissues. The results obtained for inor- 
ganic nitrogen are similar to those for the older leaf group B except that the 
concentration of nitrate in the leaves of group C w T as considerably greater 
than in group B, owing probably to proportionally larger amounts of non- 
ehlorophyllous tissues in the leaf bases of the group C plants and to more 
direct conduction, the latter point to be discussed later. The comparatively 
low plane of nitrate assimilation in the white basal tissue, a condition favor- 
ing the accumulation of nitrate in this region of the leaf, has been discussed 
previously. Soluble organic nitrogen occurred in relatively small amounts, 
with a trend of distribution of its different fractions similar to that in leaf 
group B. 

Insoluble organic nitrogen in the old C leaves was very high and con- 
siderably higher than in the somewhat older B group of leaves. The condi- 
tions which favor the formation of great amounts of this form of nitrogen 
are an abundance of carbohydrates and certain other substances. 

Comparative studies show that the amounts of insoluble organic nitrogen 
were greater in the leaves of the plants wffth ammonium than in those with 
nitrate nutrition as figure 16 shows. This condition was associated with a 
higher rate of absorption and assimilation of ammonium than of nitrate and 
also wdth the greater amounts of chlorophyll in the leaves of the plants with 
ammonium nutrition. Total organic nitrogen values, as reported in tables 
VII and VIII and figure 19 were, except for the basal white tissue, consid- 
erably higher in the plants supplied with ammonium than in those supplied 
with nitrate. 

Active leaves ( group I )), — This group is composed of the longest leaves 
on the plant which are located between the fully grown and the more imma- 
ture leaves. In four-months-old plants they number from 6 to 9 The 
analytical results for the various sections of the leaves of the ammonium- 
supplied plants are presented in figure 17-A. The quantities of ammonium 
were exceedingly small and nitrate was entirely lacking. 

Soluble organic nitrogen occurred in relatively high concentration. 
The fractions, mono-amino and basic nitrogen, were considerably greater 
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Pig. 17. Distribution of inorganic, soluble and insoluble organic nitrogen fractions 
in the various tissues of full grown active leaves (group D) of plants with ammonium 
nutrition (A), and nitrate nutrition (B). 


than those of amide nitrogen. Insoluble organic nitrogen reached its great- 
est value in these leaves. Except for the accumulation of great amounts of 
protein the results are quite comparable with those of the somewhat older 
leaves of group C of the same series. 

In the nitrate-supplied plants nitrate nitrogen occurred in comparatively 
great concentrations in the basal, non-chlorophyllous and in the transitional, 
sub-chlorophyllous tissues of the nearly fully expanded active leaves of the 
D group according to the data shown in figure 17-B. In the chlorophyllous 
tissues nitrate disappeared very readily, presumably owing to rapid syn- 
thesis to organic nitrogen. Ammonium nitrogen was present in small con- 
centrations ; its sources of derivation have been mentioned. The quantities 
of soluble organic nitrogen were moderate, the amide-nitrogen fraction being 
of approximately the same magnitude as the mono-amino and basic fractions. 
Protein content was very high, reaching its maximum concentration in the 
nitrate series in the D group of leaves. 

Contrasting the protein content in the various sections of the large active 
leaves of group D of both series in figure 17, we find that in the ammonium 
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Fig. 18. Distribution of inorganic, soluble and insoluble organic nitrogen fractions 
in the various tissues of young leaves (group E) of plants with ammonium nutrition (A), 
and nitrate nutrition (B). 

series the values are 30 per cent, higher than in the nitrate series. In this 
leaf group, as in the previous one, the causes for greater concentration of 
protein are a higher rate of ammonium than nitrate absorption, and concen- 
trations of chlorophyll which possibly favored the synthesis of greater 
amounts of sugars in the plants of the ammonium than of the nitrate series. 
Total organic nitrogen values appearing in figure 19 and in tables VII and 
VIII were, on an average, about 27 per cent, higher in the ammonium than 
in the nitrate-supplied plants. 

Young leaves ( group E ). — The leaves of this group are only partly de- 
veloped, some having attained 80 and others 10 per cent, of their final 
growth. Associated with this condition the analytical data for ammonium- 
supplied plants, reported in figure 18-A show that the chemical composition 
of these leaves is, to a great extent, more like that of the immature (basal- 
non-chlorophyllous ) tissues of leaf groups D and C than of the mature 
ehlorophylious tissues. Ammonium nitrogen was found in mere traces, 
except in the terminal tissues, where slightly greater amounts were observed, 
owing possibly to hydrolytic processes. Nitrate nitrogen, as in all cases of 
ammonium nutrition, was entirely lacking. 

Soluble organic nitrogen and particularly the mono-amino and basic 
fractions were higher in these leaves than in any of the tissues so far studied. 

Associated with proximity to ehlorophylious tissues, insoluble organic 
nitrogen was comparatively low, although higher than in the roots. 
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Pig. 19. Comparative distribution of total organic nitrogen in the various tissues 
of plants with either ammonium or nitrate nutrition. 

According to the data shown in figure 18-B for nitrate-supplied plants, 
ammonium nitrogen was found in very small, while nitrate nitrogen was 
found in moderate, quantities. Of the soluble organic nitrogen fractions, 
glutamine was found in very small amounts while asparagine was found in ap- 
preciably greater ones. Mono-amino nitrogen values were significantly 
higher than in any other leaf groups of the same series, while those of 
basic nitrogen were approximately the same. The values for the insoluble 
nitrogen fractions are not complete on account of certain accidental losses 
of the samples during analysis. 

Leaf section E-4 in the same figure shows greater amounts of insoluble 
nitrogen than the corresponding section of the ammonium series in figure 
18-A. 

Distribution of sugars 

We are unable to report data on any other kind of carbohydrates than 
sugars, because the material to be used for analysis of starch, etc., was acci- 
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dentally subjected to comparatively high temperatures during dehydration 
and was found unfit for study. Sugars were determined in all eases on 
fresh tissue after thorough maceration in a brass mortar with quartz sand 
and subsequent extraction with ten volumes of water. 

The distribution of reducing sugars and sucrose in the various sections 
of the leaves of the different groups as shown in table IX and figure 20 
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Pig. 20. Distribution of reducing sugars, sucrose, and total sugars in the various 
sections of the leaves of plants with ammonium nutrition (A), and nitrate nutrition (B). 
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differs considerably, but, with few exceptions, the order of distribution is 
practically the same for plants of the ammonium and nitrate series. Both 
kinds of sugars in the tissues of the old leaves of group B are irregularly 
distributed. This condition, owing to the presence of senile tissues, cannot 
be given serious consideration. In the sections of the mature group C 
leaves, reducing sugars and sucrose had definite order of distribution. The 
concentration of sucrose increased from the basal to the terminal tissue while 
reducing sugars decreased. In the nearly fully expanded active leaves of 
group D, the same order of distribution of both sugars was found as in the 
older C leaves. The concentration of reducing sugars in the terminal tissues 
of groups D and C were slightly higher than in the adjacent lower sections. 
The distribution of both reducing sugars and sucrose in the young leaves 
(group E) was somewhat different than in the two preceding groups of older 
leaves. The percentage of reducing sugars increased consistently from the 
basal to the terminal tissues. Sucrose, except in the basal tissues, followed 
the same order of distribution. 

The order of distribution of sugars as observed in the chlorophyllous sec- 
tions of the leaves of groups C and D was the same as that found in plants 
ranging in age from two to six months as observed in certain other studies (to 
be published later) where the distribution of sugars at different stages of 
plant growth was determined. In older plants the amounts of both reduc- 
ing sugars and sucrose were higher in the chlorophyllous than in the sub- 
■' chlorophyllous and non-chlorophyllous tissues. Sucrose in plants of nearly 
all ages followed the same order of distribution, as has been found in the 
studies above mentioned. 

In the tissues of the stem the order of distribution of reducing sugars 
decreased from base to apex in the pith, while in the cortex there was a 
tendency for the values to increase from the base until they reached the 
apex, where supposedly, they decreased on account of rapid utilization in 
new tissue formation. The distribution of total sugars in the tissues of the 
cortex of the stem is affected by translocation and the photosynthetic activity 
of the groups of leaves which serve directly the cells concerned. The con- 
centration of sugars in the roots was comparatively very small. Sucrose was 
more abundant than reducing sugars. Not having direct evidence of the 
distribution of sucrose and reducing sugars in the stele and cortex of pine- 
apple roots we cannot explain satisfactorily the difference in the quantities 
of these two sugars. 

In somewhat related studies (13) conducted on the roots of Pandanus 
veitchii we found that the tissues of the cortex contained only reducing 
sugars and also that sucrose occurred exclusively in the tissues of the stele. 
As comparative data on the cortex and stele of pineapple roots are lacking 
we are unable to state definitely whether sucrose is exclusively restricted to 
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the tissues of the stele or whether it is distributed uniformly throughout the 
entire root. The presence of reserve or storage carbohydrate products, as 
sucrose, may explain at least in part, the rapid assimilation of ammonium 
and its conversion into soluble organic nitrogenous compounds. 

The concentration of both reducing sugars and sucrose are from 10 to 
25 per cent, greater in the plants of the nitrate than in those of the am- 
monium series, probably because of the relatively low rate of nitrogen assimi- 
lation. Both reducing sugars and sucrose are considerably lower in the 
roots of the plants of the ammonium than in those of the nitrate series. A 
condition probably associated with a greater rate of ammonium than of 
nitrate assimilation. The greater quantities of soluble organic nitrogen 
compounds in the roots of the plants with ammonium nutrition may account 
for the appreciably reduced values of sugars in the root tissues of this 
group of plants. 

The difference in the distribution of sugars in the plants with ammonium 
and nitrate nutrition most worthy of consideration is that between the 
young tissues of the leaves, namely, the basal, non-chlorophyllous sections 
of leaf groups D and E and those of the apical section of the stem of the 
two respective series. These two groups of leaves, viz., D and E, and the 
stem apex, not having attained complete development, are more actively 
engaged in growth processes and therefore more susceptible to biochemical 
variations than any of the other leaf groups or stem sections of the plant. 
The data in figure 20 show that the amounts of sugars in the basal non- 
ehlorophyllous sections (no. 1) of the leaves and in the stem apex of the 
plants of the nitrate series are considerably greater than those of the corre- 
sponding sections of the ammonium series. These findings indicate that the 
rate of utilization of sugars in the sections of the leaves and stem under 
consideration was greater in the plants with ammonium than in those with 
nitrate nutrition. The distribution of sugars in the tissues of the terminal 
sections (nos. 4 and 5) of the E group of leaves is reversed. That is, the 
quantities of sugars in the terminal tissues of the leaves are greater in the 
plants with ammonium nutrition than in those with nitrate, indicating a 
greater rate of sugar utilization by the terminal leaf sections of the latter 
than of the former series of plants. The greater rate of sugar utilization 
by the terminal than the basal sections of the leaves of the plants with nitrate 
nutrition may he attributed to the synthesis of greater amounts of proteins 
and also of other nitrogenous substances such as amides and amino acids 
during and after the assimilation of nitrates. 

The rapid utilization of sugars for the synthesis of soluble organic nitro- 
gen compounds, as observed in the ammonium nutrition series, favors the 
formation of tissues of a high degree of succulence. Root tissues of a high 
degree of succulence, as obtained under conditions of ammonium nutrition. 
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are more susceptible to the ravages of parasitic pythiaceous fungi which 
may accidentally enter nutrient solution than the less succulent tissues 
of plants with nitrate nutrition. 

Total dry organic values are the converse of the moisture content values 
of the tissues as shown in figure 10. They are, therefore, considerably 
greater in the nitrate than in the ammonium series of plants. Carbohy- 
drates, representing about 90 per cent, of the constituents of dry organic- 
matter, were produced in greater amounts in the nitrate than in the 
ammonium series of plants. 

Discussion 

Figures 12 to 19 show that the rate of absorption and the mode of assimi- 
lation of ammonium nitrogen was quite different from that of nitrate. Am- 
monium apparently was assimilated more or less completely in the root 
tissues, the determined products of its assimilation being large amounts of 
various amino acids and small amounts of glutamine and asparagine. These 
products accumulated in great quantities in tissues lacking chlorophyll, while 
in chlorophyllous tissues they were converted readily into proteins. 

Nitrate nitrogen w r as neither absorbed nor assimilated as readily as am- 
monium. Nitrate, after absorption by the roots, moved through the con- 
ducting tissues of the roots and the stem into the leaves. In the basal non- 
chlorophyllous tissues it occurred in great amounts but as it entered the 
sub-chlorophyllous tissues of the transitional sub-chlorophyllous sections its 
concentration decreased and practically disappeared in the chlorophyllous 
tissues of the blade proper. These data indicate that nitrate was assimilated 
largely in the green tissues of the leaf. "With nitrate nutrition the amounts 
of soluble organic nitrogen were relatively small except in the stem and in 
this organ possibly the soluble organic nitrogen was present in large part 
owing to translocation from the leaves. However, the quantities of protein 
were comparatively high in both chlorophyllous and non-chlorophyllous 
tissues, excepting the stem. On a percentage basis the findings indicated a 
greater rate of protein synthesis with nitrate than with ammonium nutrition 
in all tissues excepting the chlorophyllous ones of the mature C leaves and 
the nearly fully expanded D leaves of the ammonium series. This may well 
have been on account of their greater chlorophyll content and possibly 
greater sugar synthesis which, coupled w T ith a higher rate of ammonium 
absorption as mentioned before, enabled these leaf sections to store greater 
quantities of protein. 

With respect to the unequal distribution of soluble organic nitrogen in 
the non-chlorophyllous tissues, resulting either from ammonium or nitrate 
assimilation, consideration of certain anatomical features of the plant is 
advantageous. If we attempt to trace the different fractions of soluble 
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organic nitrogen from the tissues of the roots to those of the leaves of plants 
with ammonium nutrition we find that the amounts in the basal tissues of 
leaves decrease gradually from the youngest leaves (group E) to the old 
leaves (group B) as shown in figure 21- A. Assimilated products move 




Pig. 21. Trend of distribution of monoamino and amide nitrogen in the non-chloro- 
phyllous tissues of plants with ammonium nutrition (A), and nitrate nutrition (B). 

through sieve tubes or conduits of similar physiological function, whereas 
non-assimilated ones move through tracheae or tracheids. The more recent 
theories on the movement of organic nitrogen and carbohydrates as ex- 
pounded by Curtis (1) and Mason et al (6) claim that such substances may 
move either downward or upward depending on their location, origin, and 
ultimate physiological use. Translocation of soluble organic substances to 
meristematic tissues is generally known to be greater than to tissues which 
have ceased to grow. Therefore, the presence of greater amounts of soluble 
organic nitrogen in the younger than in the older tissues is to be expected 
from the point of view which has been presented. 

According to conventional theory the movement of nitrate from roots to 
leaves is presumably conducted exclusively by the tracheae. In meristematic 
tissues, such as are in the apex of the stem, the tracheids are in an embryonic 
state and their capacity for conduction is very low. However, in the mature 
tissues such as leaves of groups B, 0, and D the tracheids are well devel- 
oped and their capacity for conduction is at a maximum. If we except the 
basal tissues of leaf group B on account of senility, we find that the amounts 
of nitrate in the basal leaf tissue of all the other groups are in a descending 
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scale from mature leaves (C) to young' leaves (E) as shown in figures 21-B, 
which is in harmony with our theoretical expectations. Various other ana- 
tomical studies conducted by the senior author (5) have definitely shown 
that the relative length of individual vascular bundles varies consistently 
with their position in the stem and the relative length of the internodes. The 
vascular bundles of the stem that serve the basal tissues of the plant are 
considerably shorter than those serving the regions toward the apex. With 
the degeneration of the root primordia in the extreme basal tissue of the 
stem and the production of roots at higher levels, conduction of water and 
minerals is diverted by the longer fibrovascular bundles toward the leaves 
at higher levels on the stem axis. Clearly these observations are also in 
support of the mode of distribution of nitrate in the basal tissues of the 
leaves of the different groups as already presented. 

Examination of the values in table VII, for ammonium-supplied plants 
shows that in tissues which have attained complete development but have 
not yet reached senility, the percentage values of soluble organic and protein 
nitrogen are practically constant. The actual amounts differ considerably. 
As an example of this condition there may be examined the percentage values 
of total soluble and insoluble organic nitrogen of the leaf sections 2 (transi- 
tional tissue), 3, 4, and 5 (tip) of mature leaf group C and of active nearly 
expanded leaf group D. The values for insoluble organic nitrogen range 
between 71 and 77 per cent., and those for soluble organic from 23 to 29 per 
cent. The small percentage variations are entirely insignificant when con- 
sidered from the point of view of absolute variations which, in the case of 
insoluble organic nitrogen in sections 2, 3, 4, and 5 of leaf groups C and D, 
range from 0.768 to 2.818 mg. and in that of soluble organic nitrogen from 
0.314 to 1.012 mg. With very old or very young leaves similar comparisons 
may be misleading for reasons stated previously. The sections of the stem 
showed very great variability, possibly on account of the presence of trans- 
located products and great differences in the age of the tissues of the various 
sections. 

Table VIII, dealing with the nitrate-supplied plants, shows somewhat 
different results from analogous plant parts. The proportionate values of 
insoluble organic nitrogen increased gradually from the basal tissue (2) to 
the tip (5) of the leaves while those of soluble organic nitrogen decreased 
in the leaves of groups C and D. A similar contrast between the propor- 
tional values for inorganic and soluble organic nitrogen showed that the 
values for both fractions decreased in the same direction. An analysis of 
the conditions as found in the various tissues shows that the entrance of 
inorganic (nitrate) was followed by the apparent synthesis of soluble organic 
nitrogen which was ultimately converted to insoluble organic nitrogen. With 
processes operating rhythmically, the final or ultimate products of svnthesis. 
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the proteins, would accumulate in greatest amounts in the terminal tissues, 
and the first products of inorganic nitrogen assimilation, that is, those of 
soluble organic nitrogen, would be expected to be found in greatest concen- 
tration in the basal tissues. The differences in the proportionate distribu- 
tion of soluble and insoluble organic nitrogen between the different leaf 
sections of plants with ammonium and nitrate nutrition are apparently 
caused, as explained above, by differences in their physiological function. 
The leaves of plants with nitrate nutrition changed inorganic into soluble 
organic nitrogen besides converting the latter into protein. In contrast, 
within the limits of nitrogen metabolism, the leaves of the plants of the 
ammonium series w 7 ere concerned only with the latter process, as the first 
one was apparently performed by the roots. The direct inflow of soluble 
organic nitrogen into the leaves of plants with ammonium nutrition in- 
creased the percentage of protein nitrogen in the different sections at approx- 
imately the same rate. With nitrate-supplied plants the percentage rate of 
protein accumulation in the different sections was not constant, because of 
the direct inflow of unassimilated nitrogen (nitrate) w r hich necessitated 
conversion first into soluble organic nitrogen and second into proteins. 

The data with respect to the mode of assimilation of ammonium and 
nitrate nitrogen as contrasted in figure 22 show that the ratio between per- 
centages of protein and soluble organic nitrogen is practically 3 : 1 in the 
different ehlorophyllous leaf sections of the plants of the ammonium series 
regardless of great variations in the actual weights which are represented 
as mg./gm. of fresh tissues. Similar conditions are not obtainable in the 
ehlorophyllous sections of the leaves of the plants of the nitrate series, 
because of the inflow of non-assimilated nitrogen (nitrate) which seemingly 
interferes with the rhythmical conversion of soluble organic nitrogen to 
protein. The ratio differences between percentage soluble organic nitrogen 
and protein of the ehlorophyllous sections of plants w r ith ammonium and 
nitrate nutrition may be employed for differentiating plants grown under 
the two different types of nutritional conditions. 

The factors involved in the assimilation of nitrate have engaged the 
attention of many workers at different times, Schimper (10) claimed that 
nitrates become depleted in the green leaves of plants exposed to daylight 
but that they were retained in those kept in the “dark. Warburg and Nege- 
lein (15) and Moore (7) have supported Schimper’s findings. With more 
extensive studies, which have included a greater number of plant species, 
information lias accumulated showing that different plants behave differently 
in their mode of nitrate assimilation. According to the information of more 
recent publications (8), many other plant organs besides leaves are able to 
assimilate nitrate both in light and in darkness if carbohydrate reserves are 
adequate. 
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The rate of nitrate assimilation by the chlorophyllous tissues of pine- 
apple leaves is greater than that of the non-ehlorophyllous tissues as indi- 
cated by the localization of nitrate and the products of nitrate reduction. 
Carbohydrates are highly abundant in all non-chlorophyllous tissues. Ap- 
parently in the pineapple plant external or other internal factors essential 
for nitrate assimilation are relatively more favorable in the chlorophyllous 
tissues. 

Morgawb or 

So/ttb/e Orgtftr/c — A/; o — -/Kgj/ «• % 

Profew ~A/s® /rg. / a =*& 



leaf *secf, 7 ops of 6 'roap "D u 


Big. 22. Distribution of actual weight and percentage values of inorganie, soluble 
organic, and protein nitrogen in the different sections of the full grown active leaves 
(group D) of plants grown in ammonium. (A) and nitrate (B) solution cultures. 

In our earlier publication (13) we have discussed the conditions which, 
according to certain investigators, favor a higher rate of protein synthesis 
from nitrate than from ammonium nitrogen. 
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Summary 

This publication reports the results of experiments conducted under 
greenhouse conditions with pineapple plants grown in water cultures con- 
taining either nitrate or ammonium salts as sources of nitrogen. The objects 
of the investigations were to obtain data on growth, chlorophyll and moisture 
content of the different tissues, and distribution of different nitrogenous 
fractions, the latter to furnish information on the mode of assimilation of 
ammonium and nitrate nitrogen. The data obtained are presented in tables 
and figures, and may be summarized briefly as follows : 

1. Light conditions were reasonably satisfactory and pH values between 
4.2 and 5.5 were maintained as constantly as possible. Nitrogen was not 
greatly in excess of 28 p.p.m. and under these conditions pineapple plants 
grew approximately at the same rate when their nitrogen was supplied in the 
form of either ammonium or nitrate salts. 

2. Ammonium nitrogen was absorbed from the nutrient solution at a 
considerably greater rate than nitrate, and was more rapidly assimilated 
than the former. The greater rate of ammonium absorption was responsible 
for the greater quantities of total nitrogen found in plants with ammonium 
nutrition, and may also account, for the higher amounts of chlorophyll and 
the greater tissue succulence in these plants. 

3. Ammonium nitrogen was apparently assimiliated in the roots as 
rapidly as it was absorbed ; the immediate products of its assimilation were 
amino acids, and small quantities of glutamine and asparagine. 

4. Nitrate nitrogen was assimilated very slowly, if at all, in the tissues 
of the roots. Most of it was translocated through the stem and the non- 
chlorophyllous tissues of the leaf bases presumably to the ehlorophyllous tis- 
sues. Since little or no nitrate was found there, it would appear that in the 
chlorophyllous tissues it was converted very rapidly, first into various com- 
pounds of soluble organic, especially asparagine and basic amino, and then 
into protein nitrogen. 

5. Plants with ammonium nutrition contained in their non-chlorophyl- 
lous tissues comparatively great amounts of soluble organic nitrogen and 
small quantities of protein. Plants with nitrate nutrition were somewhat 
different in this respect, the roots especially showed large quantities of 
protein as compared with those of soluble organic nitrogen. 

6. The chlorophyllous sections of the mature C leaves and the active but 
nearly full grown D leaves of the plants with ammonium nutrition contained 
greater amounts of both soluble and protein nitrogen than those of the plants 
with nitrate nutrition. The chlorophyllous sections of leaf group B (old) 
and E (young) are excluded from this generalization, the former because 
they contained senile and the latter because they contained immature tissues. 
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7. The conditions responsible for the differential distribution of inor- 
ganic, soluble organic, and protein nitrogen in the corresponding parts of 
plants with ammonium or nitrate nutrition were caused, at least in part, by 
the method and rate of assimilation of the two forms of nitrogen. 

8. The amounts of reducing sugars and sucrose were in general some- 
what greater in the leaf tissues of the plants with nitrate than with am- 
monium nutrition, indicating a lower rate of carbohydrate utilization in 
nitrogen assimilation. The quantities of both kinds of sugars were consid- 
erably lower in the root tissues of the plants with ammonium than with 
nitrate nutrition. This condition, conpled with the presence of great 
amounts of compounds of soluble organic nitrogen, indicates that the sugars 
of the root tissues of the ammonium-supplied plants w r ere utilized for the 
synthesis of these compounds from ammonium. 

9. Values for the percentage distribution of soluble organic and protein 
nitrogen in the different sections of the leaves of groups C and D, presented 
in tables VII and VIII and in figure 22, are more constant for plants receiv- 
ing the ammonium than the nitrate nutrition. The causes may be ascribed 
in the ease of the plants with ammonium nutrition to the translocated solu- 
ble organic nitrogen compounds, v T hieh, under a wide variety of conditions, 
are readily converted to proteins. The irregular distribution of soluble and 
insoluble organic nitrogen values obtained in the leaves of the plants with 
nitrate nutrition were associated with the inflow of non-assimilated nitrogen 
(nitrate) which had first to be converted into compounds of soluble organic 
nitrogen and then secondly into proteins. Any factor or factors interfering 
with the first step in assimilation of nitrate might well result in the irregu- 
lar values of soluble organic and protein nitrogen that were found to occur 
in the respective leaf sections of the different leaves of the nitrate-supplied 
plants. 

The authors wish to express their appreciation to Dr. G. T. Nightingale 
for reading the manuscript. 

Pineapple Experiment Station 
University op Hawaii 
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ELECTRICAL POLARITY AND AUXIN TRANSPORT 
W . G . Clark 
(with six figures) 

Introduction 

The polar transport of indole-3-aeetic acid (heteroauxin, (3-indolyl-acetie 
acid) in the Avena eoleoptile has been explained 1 on the basis of electrical 
polarity (13, 15, 26, 42, 45). The writer (15) has produced evidence show- 
ing that the electrical polarity in several plants is in the right direction to 
explain the basal, polar transport of the negative ion of heteroauxin in plants. 
He then showed (14, 16) that gravity, light, and applied potentials could 
reverse the inherent electrical polarity without affecting the polar transport. 
It was concluded that electrical polarity either has no cause and effect rela- 
tion to the polarity of heteroauxin transport in the Avena eoleoptile, or that 
this relation was not amenable to treatment by the various bioelectric methods 
utilized. The relation may be real, 2 but more subtle than could be revealed 
by the electrometric measurements employed. 

It was suggested (15) that both bioelectric polarity and polar transport 
of heteroauxin might be due to polar permeabilities of individual cell mem- 
branes in the plant. Guha (18) described a preferential conductance in the 
styles of Narcissus, A es cuius, and Primula , A platinum electrode was 
inserted into the ovary, another into the stigma, and a direct current was 
passed from a 2- volt source. The 4 1 conductivity ” of the style was measured 
by deflections on a galvanometer in series with the plant and electrodes. 
Current passed more easily from stigma to style than in the reverse direction. 
Pollination abolished this “ unipolar” conductance. Guha's work is diffi- 
cult to judge reliably, as platinum electrodes develop large contact potentials 
very easily and would obscure real effects. Even if this criticism did not 
hold, Guha was probably measuring differential polarization capacities 
rather than preferential conductance (3, 4, 5, 6). 

Metzner (30) attempted to demonstrate a “ polar conductivity ” in the 
cutinized epidermis of fruits (apple, tomato, Physalis, Olivia) ; seed coats 
(. Pisum , Phaseolus, Aesculus) ; parenchymatous tissue such as discs of the 
midrib of Rheum leaves ; root of Daucus ; and in the algae Nitella and Ohara. 
He used these objects as rectifiers of an alternating current (A.C.) of 50 
cycles, measuring the rectified direct current with a D.C. galvanometer in 

1 Went and Thimanns j recent book, Phytohormones (45) will be found to contain de- 
tailed discussions of most of the procedures and theories mentioned in the following pages. 

2 Sections of Impatiens hypoeotyls have a bipolar staining capacity. Positively 
charged dyes are taken up most by basal cut surfaces, and negatively charged ones by 
apical cut surfaces (15, 42). 
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series with the calomel half-cells making contact with the tissue studied. No 

data are given. 

The first part of the present paper is concerned with experiments per- 
formed to determine whether or not such a thing as unipolar conductance 
(unidirectional permeability) exists, and if so whether or not it can be cor- 
related with unidirectional or polar transport of heteroauxin in the Avena 
coleoptile. The second part deals with the effect of ether narcosis on electri- 
cal polarity. Van der Weij (40) showed that ether narcosis reversibly 
abolished polarity, and Bonner (7) pointed out the dependence of polarity 
on respiration. Hence the effect of ether narcosis on the electrical polarity 
became a step in the writer J s thesis that bioelectrical polarity, as it is ordi- 
narily understood and measured, has no relation to polar transport. The 
third part of the paper will demonstrate the specific abolishment of polar 
transport without affecting electrical polarity, protoplasmic streaming, 
growth, respiration, or turgor. Independence of the mechanisms responsible 
for lateral transport in tropisms, and longitudinal transport of heteroauxin 
will be shown to exist. 

Experimentation 

Unipolar conductance 

It was shown in an earlier paper (15) that the potential differences 
(P.D.) of cut sections of eoleoptiles were proportional to section lengths. In 
order to effectively magnify electrical phenomena in sections, it was found 
very convenient to pile sections one on the other in series. This was done 
also with the object in view of performing transport tests at the same time as 
the electrical measurements were made. Twenty-five 5-mm. sections of 
Avena eoleoptiles were cut in the Van der Weij (39) section cutter, placed 
upright on a tap water agar block 11 x 8 x 1 nun., a similar agar block being 
placed on top of the sections. Another twenty-five sections were placed on 
this block, and so on ; so that finally four tiers, each consisting of twenty-five 
sections, were prepared. Tenth normal KC1 agar strips made electrical con- 
tact to the top and bottom blocks of this preparation, the N/10 KOI agar 
leading to N/10 KC1 solutions in cups outside of a moist chamber in which 
the preparation was situated. Calomel [saturated KC1 electrodes were placed 
in these cups, and were used both for applying and measuring P.D. and 
current passage, Currents of the order used in these experiments were never 
found to polarize these electrodes. All nonconducting parts were covered 
with a thin coat of ceresin, and the chamber was darkened. 

Several experiments were performed, in which Pisum stem-sections and 
Avem sections were used and the inherent P.D. was measured with a Wulf 
string electrometer (15). The resistance of the setup, with no sections pres- 
ent, was measured by applying a known voltage and measuring the direct 


CLARK : ELECTRICAL POLARITY AND AUXIN TRANSPORT 


581 


current passage by means of a calibrated galvanometer (sensitivity about 
1-mm. deflection for 10~ s amperes at 1 meter scale distance, period 5 sec.). 
Knowing this resistance, the resistance of the sections could be computed by 
Ohm’s law, from the electrometer measurements of the section P.D., and the 
galvanometer deflections caused by the current flow resulting from the section 
P.D. The changes in P.D. and resistance were then studied when (1) alter- 
nating current, (2) direct current, and (3) ether vapors "were applied. 

It was found, in Avena sections, that small direct currents (0.6 to 2 x 10” 7 
amp.) caused decreases in resistance essentially equal to those caused by 
larger D.C. (6 x 10~ 7 amp.). This decrease was, in one experiment, 35,- 
000 dz 5,000 ohms for 0.6 x 10~ 7 amp., as well as for 6 x 10" 7 amp. The P.D., 
however, changed only 1 or 2 millivolts (mv.) -when 10 mv. (0.6 x 10~ 7 amp.) 
were applied (fig. 1), while it changed 15 to 20 mv. when 100 mv. (6 x 10~ 7 
amp.) were applied. In this experiment (fig. 1), a typical case, the morpho- 
logical bases were, as usual, electropositive to the tips (15). When 10 mv. 
were applied, in series with the section P.D., the latter dropped 3 mv. ; when 
applied in parallel with the section P.D., no perceptible change resulted. 
Such a difference is within the limits of individual variation in the deter- 
minations. Fifty mv. in series, decreased the inherent P.D. approximately 
10 mv., and when in parallel, increased it about 7 mv. Thus in the cases of 
3 to 50 mv. applied P.D., the direction of flow of applied current had no real 
difference in effect on the inherent P.D. But 100 mv., in series, decreased 
the section P.D. 15 mv., reversing the inherent electrical polarity; and, when 
in parallel, increased it 20 mv. The time relations of these changes are shown 
in figure 1. The return (recovery, depolarization) curves show that the 
processes affected by applied P.D. are reversible. The normal polarity is 
quickly restored when the applied P.D. is removed. In an earlier paper (16) 
on applied P.D. and auxin transport, longer periods (5 to 60 or 120 minutes) 
of current application were used. In those experiments, polarization is more 
permanent, and depolarization occurs much more slowly. This recalls sim- 
ilar results described by Marsh (29) and by Blinks (3, 4, 5). 

The important conclusion to these observations, so far as the present thesis 
is concerned, is that the resistance drops when P.D. J s are applied, regardless 
of the polarity of the applied P.D. This presumably means that the proto- 
plasmic surfaces are altered so that current is carried more easily by ions, 
i.e.y that permeability has increased. The absence of polar effects of the 
applied P.D. (the differences are within the limits of individual variability) 
do not confirm the results of Marsh (29) or Blinks (3, 4, 5) , but it is frankly 
admitted that no attempts were made to study this phase of the problem, 
and more careful observations may reveal such a characteristic. The sensi- 
tivity of the resistance-measuring apparatus was really not high enough to 
link resistance changes with P.D. changes as quantitatively as could be de- 
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Fig. 1. Effect of applied direct and alternating currents on inherent P.D. and R 
of Avena eoleoptiles. 

sired, but it is clear enough that the resistance drops just as much with 10 mv. 
applied P.D. as with 100 mv. (or with 6 volts A.C.). 

It would be highly desirable to study more closely the resistance and 
potential changes with applied P.D., especially since Blinks (5) and Oster- 
holt (32) have shown that compound membrane potentials may be sepa- 
rated into simpler component P.D.’s by this method; or, in other words, it 
might be possible to analyze differential membrane permeabilities into sim- 
pler components. This may prove to be the only way to attack the electrical 
phenomena postulated to be linked with polar transport (42), ion accumula- 
tion (21), osmotic work performed in intestinal absorption (24) and in the 
kidney (27), etc., since mere measurements of normal inherent P.D.’s appar- 
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ently mean little, as has been shown in two former papers by the writer 
(15, 16), and as will be farther proved in this paper. 

Figure 2 represents the electrical behavior of eoleoptile sections which 
happened to have had an inverted polarity which was slowly righting itself 
(“handling reaction/ 7 15). In this experiment, the sections were not piled 
in tiers. Coleoptiles were decapitated, the primary leaves removed, and the 
whole eoleoptile removed from the rest of the seedling by cutting it just above 
the coleoptilar node. Forty such whole coleoptiles were placed in parallel, 
the P.D. between their cut surfaces being measured in the usual fashion. 

It is seen in figure 2 that the resistance follows the P.D. Electronega- 
tivity decreases as the resistance decreases. The resistance was much lower 
than in the experiment depicted in figure 1, and hence the measurements 
were more accurate because galvanometer deflections were greater. 



Pig. 2. Variation of inherent P.D. and R of Avena coleoptiles with time. 

Desiring to see if an A.C. rectifying effect exists in the sections such as 
postulated by Metzner (30), A.C. (60 cycles) was applied to the sections for 
1 to 2 minutes. Figure 3 shows that 3 volts A.C. has little or no effect on the 
P.D. or resistance (R), whereas 5 v. A.C. reversibly decreases R and increases 
the electronegativity of the apical surface (cf. effect of ether narcosis) . This 
confirms the results of Amlong and Bunning (1) and Bunning (12), who 
clearly demonstrated a correlation between permeability and bioelectric 
potentials. The permeability is altered only after a certain threshold of 
A.C. stimulation is reached (liminal threshold), after which some change in 
the surface properties of membranes brings about a sudden increase in per- 
meability, and hence a drop in R and a change in P.D. on account of con- 
centration changes and differential ion mobilities. 

If one would believe Metzner (30), one would think that the D.C. deflec- 
tions caused by the applied A.C. meant rectification of the A.C. by the plant 
tissues. This is an entirely erroneous conclusion, as shown by the P.D. 
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Fig, 3. Effect of applied A.C. on inherent P.D. and R of Avena eoleoptiles. 

measurements. No galvanometer deflection occurs unless the plant P.D. 
is altered, and hence the galvanometer deflection is caused by stimulation 
(polarization or permeability change) and not by ohmic rectification of 
the A.C. 

It is seen in figures 1 and 3 that A.C. stimulation increases the negativity 
of the apical end of the sections (compare also reversible ether narcosis). 
This may mean that the apex is more easily stimulated or polarized than the 
base, with subsequent greater increases in permeability or polarization, and 
with resulting greater apical negativity. Increased permeability (caused by 
induction shocks) gives rise to negativity of the stimulated portion, as shown 
by Amlong and Bunning (1). 

Effect of ether narcosis on electrical polarity 

Ether narcosis irreversibly abolishes electrical polarity if the narcosis 
results in complete loss of turgor. Figure 4 shows the drop in resistance 
and P.D. when air, saturated with water vapor, w r as bubbled through ether 
and aspirated through the experimental chamber containing the sections 
which were piled in series as described earlier. After 40 minutes, a residual 
apical negativity remains which probably represents the geoelectric effect 
found by Brauner and Amlong ( 11 ), and discussed by Went and Thimann 
(45). Figure 4 also shows that 6 v. (A.C.) does not alter the P.D. in the 
completely narcotized tissue. The D.C. galvanometer, however, showed 
some deflection. Here, therefore, one might think that Metzner's unipolar 
conductance is being manifested in a rectification of the A.C. Brauner (10) 
demonstrated a unipolar permeability in certain dead plant tissues (seed 
coats), but did not determine whether such objects could rectify an A.C. In 
the narcotized sections, it is more probable that the applied A. C. merely 
increases permeability a bit more, and hence the R drops a little. The reason 
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Pig. 4. Effect of irreversible ether narcosis on P.D. and R of Avena coleoptiles. 

why no further P.D. changes result probably rests on the possibility that the 
narcosis has irreversibly destroyed selective ion permeability. No ohmic uni- 
polar conductance exists in the narcotized tissue, as shown by equal galva- 
nometer deflections, regardless of the polarity of applied small D.C. (ca. 
10‘ 7 amp.). 

Reversible ether narcosis was obtained in the sections with inverted elec- 
trical polarity by passing air through water half saturated with ether at 
20° C. and then aspirated through the experimental chamber. As seen in 
figure 5, the apical negativity was first increased for a brief period, then 
decreased, just as in complete narcosis. The R changes in the Opposite way. 
The cause of the opposite changes in R in reversible and in irreversible nar- 
cosis is not known, as not enough experiments of this nature were performed, 
but it is well known that small concentrations of ether stimulate such proc- 
esses as respiration instead of inhibiting them. Reversible narcosis with half- 



Fig. 5. Effect of reversible ether narcosis on inherent P.D, and R of Avena 
coleoptiles. 
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saturated ether increases the R of the sections, and decreases their apical nega- 
tivity. Complete, irreversible narcosis decreases both. Hence the possibility 
remains that the increased resistance during reversible narcosis signifies a de- 
creased permeability. This decreased permeability may be causally related 
to decreased polar transport of auxin. Van der Weij (40) , as already men- 
tioned, reversibly abolished polar transport by ether narcosis accomplished by 
narcotizing coleoptile sections by ether vapors from water half saturated with 
ether. Approximately this same concentration was used in the reversible 
narcosis depicted graphically in figure 5. Owing to lack of further experi- 
mental data, no further statements can be made at this point, but it is pointed 
out that here, for the first time, we have been given a clue to the physical 
properties of the mechanisms responsible for polar transport. It is hoped 
that further advances in this direction will be made. 

Effect of certain lysins on heteroauxin transport 

Specific abolishment of polar transport of heteroauxin.— It has been 
shown in the second paper of this series (16) that the longitudinal transport 
of heteroauxin is independent of measured electrical polarity (apical nega- 
tivity). This section will show that transport may be specifically abolished 
without apparently altering any other properties yet investigated. Some of 
these properties were semi-permeability, cell elongation, protoplasmic stream- 
ing, respiration, and electrical polarity. Thus an interesting and promising 
tool is offered for further investigations into the mechanism responsible for 
polar transport. 

Ponder and Macleod (35) showed that the P.D. across a frog skin could 
be completely abolished by certain lysins, without affecting respiration. It 
was thought, therefore, that such substances might abolish the electrical 
polarity of Avena coleoptiles without affecting polar transport, since the 
latter is dependent upon respiration (7, 40). 

It was entirely unexpected, therefore, when the results showed just the 
opposite. The lytic substances abolished transport, but had no effect on 
electrical polarity, nor, indeed, upon any other observed properties until the 
concentrations of lysin were high enough to be very toxic. 

One way of testing the transportability of various auxins is to see if they 
will cause curvatures in Avena when applied in agar blocks on one side of 
decapitated coleoptiles. If no curvature ensues, and yet the substance is 
active in promoting growth, e.g., as in the pea test (19, 45), the substance is 
not longitudinally transportable. For this reason, the lysins chosen for these 
experiments, saponin and sodium glycocholate, were applied in agar blocks 
to the decapitated apices of Avena coleoptiles for 3.5 hours, after which a 
second decapitation was made in which about 1 mm. of the tip was removed. 
Heteroauxin in agar blocks was then applied unilaterally to the decapitated 
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stump, the resulting* curvatures being recorded 90 minutes after the hetero- 
auxin application. The control curvatures averaged 15°. Table I presents 
the results. Twelve plants per test were used. (For further details con- 
cerning the Avena test refer to Went and Thimann, 45). 


TABLE I 

Effect of saponin and sodium glycocholate on Avena tests with heteroauxin 


Infiltrates in agar block placed on decapitated 

COLEOPTILES 3 HR. 

Curvatures* 

Mean error 

Tap HoO (control) 

degrees 

15.0 

±1.8 

Sodium glycocholate, 1: 100,000 

11.8 

±1.0 

Sodium glycocholate, 1: 10,000 

10.4 

+ 0.7 

Sodium glycocholate, 1: 1000 

12.4 

±1.5 

Sodium glycocholate, 1: 50 

12.0 

+ 1.6 

Tap HoO (control) 

12.3 

±1.5 

Saponin, 1 part saturated: 1000 

13.0 

+ 1.4 

Saponin, 1 part saturated : 100 

11.3 

. + 1.8 

Saponin, 1 part saturated : 10 

15.3 

±1.5 


* The 1 1 maximum angle” (Went and Thimann, 45) was approximately 20° at tlie 
time of these analyses. 

Considering the mean errors (a ]^LT ) ) > where d = deviation from mean, 

and n = number of test plants ( 2 ), it is clear that no inhibition of Avena cur- 
vatures was obtained. The conclusion was tentatively reached that the large 
glucoside molecule, saponin, and the sterol-amino molecule, sodium glycocho- 
late, did not enter the coleoptiles during the pretreatment before heteroauxin 
was applied. 

For this reason, direct transport tests were made in which the coleoptile sec- 
tions were infiltrated with saponin and sodium glycocholate, with a water-infil- 
trated lot for controls. Four-mm. sections were cut with the Van der Weij 
(39) section cutter, and placed with their hollow centers on the teeth of com- 
position combs, to enable the experimenter to determine their morphological 
polarity after treatment in various solutions. The combs containing the sec- 
tions were placed in sodium glycocholate and saponin solutions, and in water, 
and infiltrated for 2 minutes by releasing negative pressure produced in a 
desiccator. The combs were then removed, the solutions carefully blown 
from the hollow centers of the sections, the sections blotted, and six of them 
placed with their morphological bases downward on tap water agar blocks. 
Agar blocks containing 0.98 mg. per 1. indole-3-acetic acid were placed on 
the apices. After 2 hours the bottom blocks were removed, cut into 12 smaller 
blocks, and tested by the Avena test, using the double decapitation method 
which included 3 hr. between decapitations and 90 min. between time of 
putting the agar blocks on the test plants and photographing them (37). 
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TABLE II 

Effect of sodium glycocholate and saponin on heteroauxin transport in 

COLEOPTILE SECTIONS 

Concentration test (0.073 mg./1.) 8.4° 

7.3 

Av. 7.8 

7.8° = 1/40 stock sol. (2.98 mg./I.), hence stock = 7.8 x 40 = 312° 

Top blocks in transport tests = £ stock = 312/3 = 104° 
Transport time 2 hr. 

6 4-mm. sections per test 


Infiltrate in sections 

Curvature 

(Auxin 

TRANSPORTED 
INTO BOTTOM 

blocks) 

Mean 

ERROR 

Proto- 

plasmic 

streaming 

Appear- 
ance of 

SECTIONS 

■ ■ ■■ i 

Sodium glycocholate, 1 : 100 

degrees 

None 



Placcid 

Sodium glycocholate, 1 : 500 

None 


+ 

Turgid 

Saponin, 1 part saturated: 20... 

10.4 

+ 1.4 

- 

Turgid 

Saponin, 1 part saturated: 100 ... 

11.1 

±1.3 

+ 

Turgid 

H 2 0 

10.2 

±1.1 

+ 

Turgid 


Table II shows the results. One column of this table shows the result of a 
microscopic examination for protoplasmic streaming in the sections after the 
transport tests had been made. The sections showed protoplasmic stream- 
ing when placed intact in a drop of water on a slide, or when cut into two 
halves with a razor blade and examined under water with white light and 
under 900 magnifications. Another column of the table describes the macro- 
scopic condition of the sections. 

The following conclusions can be formulated from the results given in 
table II: (1) Sodium glycoholate is toxic in a concentration of 1: 100. It 
is not toxic in 1 : 500 for the time used. The criteria for toxicity were taken 
to be cessation of protoplasmic streaming, and the occurrence of flaccidity 
caused by loss of semipermeability and turgor; (20 Sodium glycocholate in 
nontoxic concentrations completely abolishes heteroauxin transport. This is 
not due to cessation of protoplasmic streaming; (3) Saponin, in concentra- 
tion of 0.05-saturated, stopped protoplasmic streaming but had no effect on 
transport. This is very interesting, in view of the fact that Went (41) and 
Bottelier (9) suggested that protoplasmic streaming may limit transport. 
Schumacher (36), however, has shown that the transport of fluorescein in 
stem hairs of Cucurlita pepo is independent of protoplasmic streaming. 
Additional data concerning this relationship are needed. Saponin in higher 
dilution had no effect on heteroauxin transport, turgor, or protoplasmic 
streaming. 

It is conceivable that the effect of sodium glycocholate may not be limited 
to the membrane mechanisms responsible for polar transport. In higher 
dilution (1:500) it does not obviously abolish semipermeability, as judged 
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by the retention of turgor; nor does it affect protoplasmic streaming. It 
might, however, inhibit some other mechanism which limits transport, for 
example, cell oxidations, and presumably, therefore, the sources of energy 
for the performance of concentration work in polar transport (cf. Hoagland 
and Broyer, 21, Huf, 22, 23, and Van der Weij, 40) , who show that concen- 
tration work depends on respiratory metabolism of the living membrane). 
Bonner (7) has shown that growth by cell elongation in the Avena coleoptile 
is limited by respiration. If, therefore, sodium glycocholate affects respira- 
tion, it should affect growth. Since, however, growth in intact Avena cole- 
optiles is limited by transport, 3 the effect of sodium glycocholate on growth 
must, on first thought, be studied by means of the pea test (34, 43, 45). In 
this test, polar transport does not limit growth. Hence the effects of sodium 
glycocholate and saponin on heteroauxin curvatures in the pea test were 
investigated. Etiolated Pisum seedlings were used about 7 days after soak- 
ing and planting. The first leaves were removed, and the apical end of the 
stem was split longitudinally for about 5 cm. The stem was then cut off 
just below the split part, and the split stems put into the solutions to be 
tested. Heteroauxin enters the intact sides of the split halves more than 
on the cut sides (34), increasing growth there, so that the two halves curl 
inward. The extent of this curvature is proportional to the activity of the 
heteroauxin on cell elongation. 

The split pea stems were put into heteroauxin solutions containing saponin 
and sodium glycocholate. The curvatures were photographed after 3, 6, and 
11 hours, the resulting curvatures being measured and plotted in figure 6. 
The concentration of heteroauxin used was 1.96 mg. per liter. Seven tests 
per solution were made. 

It is seen that both sodium glycocholate and saponin in concentrations 
which do not cause a decrease in turgor, not only do not inhibit growth, but 
actually increase the final curvatures between 50 and 60 per cent, higher than 
the heteroauxin controls. Sodium glycocholate alone had a very small ac- 
tivity on the pea test, and saponin alone had none. The method of the facili- 
tation of heteroauxin activity by these lytic substances is not yet known. 

The important conclusion for the purposes of this discussion is, however, 
that apparently nontoxic concentrations of lysins do not inhibit the action 
of heteroauxin on plant growth, while one of them (sodium glycocholate) 
completely abolishes polar transport. This conclusion has been justified by 
repetition of the above experiments, using sodium glycocholate in concentra- 
tions as small as 1 : 100,000. The following experiment illustrates this justi- 
fication : 

3 See section below in which the effect of sodium glycocholate on the growth of cut 
sections of coleoptiles shows that transport does not limit the growth of cut sections. This 
does not agree with Bonner's statement that transport in sections limits growth, as shown 
by inhibition by lack of oxygen. 
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DEGREES 

CURVATURE 



Pig. 6 . Effect of sodium glyeocholate and saponin on pea stems tested with 
heteroauxin (BIAA). 

Four-mm. coleoptile sections were infiltrated, blotted, and a 2-hour trans- 
port test was performed with heteroauxin of a concentration of 356° in the 
apical blocks of six upright sections. The basal blocks were tested by the 
Avena test, using the double decapitation method. The sections were infil- 
trated with aqueous sodium glyeocholate solutions of the concentrations indi- 
cated in table III. 

The conclusion is that sodium glyeocholate abolishes transport in very 
high dilution (dilutions higher than 1 : 100,000 have not as yet been tested) , 
although protoplasmic streaming and semipermeability are unaffected. 


TABLE III 

Effect of sodium glycocholate on heteroauxin transport in coleoptile sections 


Infiltrate in sections 

Analysis of 

BOTTOM BLOCK 

(curvature) 

Mean 

ERROR 

Proto- 

plasmic 

STREAMING 

Appear- 

ance 

H.,0 

degrees 

11.4 

±1.4 

+ : 

Turgid 

Sodium glyeocholate, 1: 100,000... 

None 


+ 

1 1 

Sodium glyeocholate, 1: 10,000 

it 


+ 

a 

Sodium glyeocholate, 1 : 5000 

a 

■ ■ ' 

+ 

1 1 

Sodium glyeocholate, 1 : 1000 

i t 


- ' 

tt ■ 

Sodium glyeocholate, 1 : 500 

it 


; ■ . 

Flaccid 
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As stated above, Ponder and MacLeod (35) found that respiration was 
unaffected in frog skin, although the P.D. was abolished by 1 : 100 saponin 
and sodium glyeocholate. It was showni above that heteroauxin transport is 
presumably specifically abolished. 

The following experiment shows the effect of sodium glyeocholate on the 
electrical polarity of coleoptile sections from the same lot that was infiltrated 
for the transport tests. The sections were placed in tiers to give series sum- 
mation of P.D. Tw r o tiers of ten sections each -were piled up, and the P.D. 
between morphological tips and bases measured with the electrometer. Nor- 
mal polarity existed, since the bases were electro-positive. Table IV shows 
the results of measurements 2 hours after setting up (about the same time 
that the transport tests were ended). 

TABLE IV 

Effect of sodium glycocholate on electrical polarity of coleoptile sections 


Infiltrate in sections 

P.D. 

(Base elec- 
tropositive) 

Protoplasmic 

streaming 

Appearance 

H.,0 

mv 

10 

+ 

Turgid 

Sodium glycocholate, 1 : 100,000 

10 

+ 

it 

Sodium glycocholate, 1: 10,000 

10 

+ 

1 1 

Sodium glycocholate, 1: 5000 

5 

. + 

Less turgid 

Sodium glycocholate, 1 : 1000 

0 

— 

Flaccid 

Sodium glycocholate, 1:500 

0 

— 

tt 


The unexpected conclusion was reached that although 1 : 100,000 down to 
1:5000 sodium glycocholate completely abolishes heteroauxin transport dur- 
ing the 2-hour transport test, it has no effect on electrical polarity (or proto- 
plasmic streaming and semipermeability). 

Pea tests confirmed the earlier observation that sodium glycocholate in- 
creases the activity of heteroauxin. In this test, unlike the former, the split 
pea stems were first infiltrated with the sodium glycocholate solutions before 
being placed in the sodium glycocholate-heteroauxin solutions. Such infiltra- 
tion of the pea stems thus makes their physiological state more comparable 
with that of the infiltrated coleoptile sections. The pea curvatures were 
measured after 12 and 24 hours. The concentration of heteroauxin used was 
0.73 mg. per liter. Ten tests were made in each solution. Table V shows the 
results : 

The same facilitation by sodium glycoholate (NaG) of the final curvature 
reached in heteroauxin solutions is thus confirmed. NaG 1 : 5000, again 
gave an increase over the heteroauxin control, in this case an increase of 60 
per cent. The control, NaG 1 : 1000 gave a heteroauxin-like curvature, but 
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TABLE V 

Effect of sodium glycocholate on pea test curvatures in heteroauxin 


Solution 

Effect on pea stems 

Degrees 

CURVATURE 
(WITH mean 
error) after 
12 HOURS 

Condition 

Degrees 

CURVATURE 
(WITH MEAN 
ERROR) AFTER 
24 HOURS 

Condition 


degrees 


degrees 


Heteroauxin-H s O (control) 

150°+ 11° 

Turgid 

173°+ 11° 

Turgid 

Heteroauxin-Sodium glycocho- 





late, 1: 100,000 

164 + 13 

i t 

224 +13 

a 

Heteroauxin-Sodium glycocho- 





late, 1: 10,000 

169 + 19 

t t 

211 +24 

t i 

Heteroauxin-Sodium glycocho- 





late, 1: 5000 

269 ± 14 

a 

290 +14 

1 1 

Heteroauxin-Sodium glyeoeho- 





late, 1: 1000 

194 ± 15 

Flaccid < 

r~(Too flaccid to measure )— > 

Heteroauxin-Sodium glycocho- 



. i 

l 

late, 1:500 

131 ± 14 

c t 

n a a a 

Sodium glycocholate (control), 





1: 5000 

- 62 ± 18 

Turgid 

Negative* 

Turgid 

Sodium glycocholate (control), 





1: 1000 

70 ±17 

-(Too flaccid to measure) > 


* Negative curvature signifies no heteroauxin effect. 

HO 

the sections were completely flaccid. NaG 1:5000 gave no curvature, thus 
impurities in the NaG do not produce the effect. 4 

It was shown that NaG does not inhibit growth in the pea test. To make 
the growth test more complete, growth of Avena coleoptile sections, infiltrated 
with NaG and put into heteroauxin solutions with NaG, were measured. 

Approximately 4-mm. sections were cut with the Van der Weij section 
cutter, placed on teeth of combs, infiltrated with 1 : 100,000 NaG, and put in 


1 Sodium glycocholate has the following structure : 

CH 3 

\h(CH 2 ) 2 CONH • CH* . COONa 
HO H / 

V/ C H 3 / 

/ \i/' \ 
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H 




-OH 
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0.74 mg. per liter heteroauxin solutions. Twenty-two sections (2 per cole- 
optile) were used for each test. Measurements were made 12 and 30 hours 
after the start of the experiment. Table VI presents the results, expressed 
in millimeters. 

TABLE VI 

Effect of sodium glycocholate on growth of coleoptile sections in 
HETEROAUXIN (0.74 MG./L.) 


Infiltrate • 

IN 

SECTIONS 

Section lengths 

0 HOURS 

j- 

12 HOURS 

'' 

Percentage 

INCREASE IN 

12 HOURS 

24 HOURS 

Percentage 

INCREASE IN 

24 HOURS 


mm. 

mm. 

% 

mm. 

% 

h 2 o 

4.35 ±0.01 

4.70 ±0.1 

7.9 

5.12 ±0.6 

17.7 

Sodium glyco- 






cholate 

4.35 ± 0.01 

4.74 ± 0.2 

9.0 

5.09 ±0.6 

17.0 


After 30 hours all sections used in the above experiment showed proto- 
plasmic streaming, and were turgid. It can be concluded that the growth 
of the Avena coleoptile is not affected by NaG, which completely abolishes 
heteroauxin transport. At first, one might ask how coleoptile growth re- 
sponds to heteroauxin when transport is abolished? Went (44) has pointed 
out that polar transport is like ion accumulation in barley roots, potato tuber 
discs, etc. ( 21 ) , in that the polarity is the result of an excess basal transport 
over apical transport. Over long periods of time, therefore, polarity will 
not be limiting, especially in the high concentrations of heteroauxin used. 
The effect of polarity of transport (and entrance of heteroauxin into the 
sections) on section growth would probably be observed only in the first few 
hours, where the velocity of transport of heteroauxin into the control sections 
would result in a much higher rate than in the sections in which polarity is 
abolished by NaG treatment. Ordinary diffusion and apical transport ulti- 
mately lets enough heteroauxin into the NaG-treated sections to permit 
growth to overtake the growth of the control sections. Whether or not the 
above suggestion is correct, the important fact is that growth by cell elonga- 
tion is unaffected in Avena coleop tiles treated with NaG in a concentration 
which abolishes polar heteroauxin transport. 

It can be predicted, a priori , that NaG will not inhibit respiration, since 
growth is unaffected, and since Bonner (7) has shown that growth by cell 
elongation depends on respiration. This prediction was realized by respira- 
tion measurements of Avena coleoptile sections. 

The Warburg manometric technique (38) was employed in making the 
respiration measurements. Twenty 4mm. coleoptile sections were placed in 
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3 ec. of MacIlvane’s phosphate buffer (0.005 M) at pH 6 in vessels of ap- 
proximately 17-ee. volume (vessel constants known). The central wells in 
the vessels were filled with 0.3 cc. 25 per cent. KOH. The constants were 
corrected for the volume of the sections. The vessels were shaken at mod- 
erate speed in a constant temperature bath at 25° C. in the dark; and read- 
ings on the manometers were taken every 30 minutes for 2 hours. One vessel 
contained sections infiltrated with tap water, another sections infiltrated 
with 1 : 100,000 NaG, and the third vessel acted as the barometer. The sec- 
tions consumed an average of 9.9 mm. 3 O 2 each 30 minutes in the buffer con- 
trol; and 9.7 in the NaG-treated. The Qo 2 (mm. 3 per section per hr., at 
standard temperature and pressure) was 1.21 for the control and 1.22 for 
the sections treated with NaG. These figures are of the order found by 
Bonner (7) for Avena coleoptile respiration. 

The results show that respiration of coleoptile sections is unaffected by 
NaG of a concentration which abolishes heteroauxin transport. As stated 
above, this finding would at first sight disagree with Bonner’s (7) statement 
that transport of heteroauxin into coleoptile sections depends upon respira- 
tion. Bonner’s conclusions were based on experiments in which sections 
were placed in an 0 2 -free environment. Van der Weij (40) has also shown 
that polar transport is reversibly abolished by ether narcosis. The probable 
explanation is, however, that lack of oxygen and narcosis affect respiratory 
mechanisms limiting the polarity phenomenon, while sodium glycocholate 
merely removes the connecting link between respiration and transport. To 
prove that respiration does not limit transport, one would have to abolish 
respiration without affecting transport, and this has been impossible, so far 
as the writer is aware. It is conceivable that respiration in certain plant cells 
which concentrate ions (21) may also be separated from the accumulation 
mechanism by treatment with similar lysins (this point will be dealt with 
in a later section of this paper). In other words, respiration may continue 
without polar transport or ion-accumulation (?), but if respiration is in- 
hibited, both (1) transport (40) and (2) ion accumulation (21) are inhibited. 

Thus for the first time, a method has been found which specifically 
abolishes polar transport. Further experimentation on other physiological 
processes which are altered during this specific inhibition {e.g. } polarization 
capacity) should reveal the mechanism of polar transport in more detail. 

Effect of NaG on lateral heteroauxin transport. — If lateral trans- 
port is caused by membrane potentials, as is claimed by many plant hormone 
workers (see introduction to first paper of this series, 15), it seemed possible 
that sodium glycocholate would abolish lateral transport of heteroauxin, and 
therefore photo- and geotropisms. This conception was based on the obser- 
vation of Ponder and MacLeod (35) that sodium glycocholate and saponin 
abolished frog skin potentials. 
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Phototropism . — Avena eoleoptiles were removed from etiolated seedlings 
One-half of the undeeapitated eoleoptiles were removed from the primary- 
leaves, the other half was left with leaves in place. One-half of each lot was 
infiltrated with water, the other half with 1 : 100,000 sodium glyeocholate. 
The eoleoptiles were then placed upright, and exposed to a 60-watt gas-filled 
incandescent lamp (tungsten filament) at 4 meters for 2 hr. at 25° C. (As- 
suming a mean horizontal candle power of 100 for the 60-watt lamp, the 
meter-candle-second value becomes approximately 45,000 MCS. The eole- 
optiles without leaves curve at a faster rate than the ones with leaves, but 
the final curvature of both sets was the same. Photographs were made of the 
curvatures, and the measurements and mean error are shown in table VII. 

Geotropism . — Coleoptiles prepared as described previously were placed 
on their sides for 3 hours (25° C. in the dark), after which photographs 
were taken, and the curvatures measured. Twenty-four eoleoptiles were 
infiltrated with water, and an equal number with 1 : 100,000 sodium glyco- 
cholate. The resulting curvatures are given in table VII. 


TABLE VII 

Effect of sodium glycocholate on lateral transport of heteroauxin in coleoptiles 

Infiltrate 

Phototropism 

(24 coleoptiles, 45,000 MCS) 

Water 

Sodium glyeocholate, 1 : 100,000 

Curvature 

degrees 

17.8 ± 3.1 

20.1 ± 3.3 

! 

Water 

Sodium glycocholate, 1: 100,000 

Geotropism 
(24 COLEOPTILES, 3 HR. 
PRESENTATION) 

43.8 ± 5.3 

42.7 ± 6.5 




It is quite obvious that sodium glyeocholate, in a concentration which 
entirely abolishes longitudinal transport, has no effect on photo- or geo- 
tropism. Van Overbeek (33) has shown that auxin-a destruction by light 
may partially account for phototropism in Avena , but lateral transport of 
auxin is the most important factor in photo- as well as geotropism, as has 
been quantitatively proved by Went ( 41 ), Dolk (17), Boysen- Jensen (8), 
and others. 

It has been stated on a former occasion (16) that lateral and longitudinal 
transport of auxin in plants is caused by entirely different mechanisms. 
This would be a priori predicted, since lateral transport is induced, and may 
occur toward either side of stems or roots ; while longitudinal polar transport 
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is inherent, and may not be easily reversed, if indeed at all. The difference 
between the two types of transport was also demonstrated by the facts that 
gravity, light, and an electric field affect lateral, 5 but not longitudinal, 
transport. 

The difference is further indicated by the unequal effects of sodium gly- 
cocholate on the two types of transport. Furthermore, Michener (81) 
showed that geotropism may no longer be induced in Pisum seedlings after 
treatment with ethylene. 6 

Van der Laan (28) claimed that lateral transport of auxin in horizon- 
tally placed Vicia faba epieotyls is reversed in ethylene, i.e., that the auxin 
is displaced to the upper side of the stem. He also showed that ethylene 
has no effect on longitudinal auxin transport in Avena coleoptiles. In gen- 
eral, experiments with ethylene have shown that lateral transport is inhibited 
or reversed, but that longitudinal transport is unaffected, thus the exact 
reverse of the sodium glycocholate effect. 

The sodium glycocholate effect is not one on electrical polarity, as is shown 
by the experimental evidence presented in this paper. Evidence from other 
sources (15) has shown a close, if not causal, relationship between lateral 
displacement of auxin and geoelectric P.D. The irreversible narcosis experi- 
ments described in an earlier part of this paper showed that geoelectric P.D. 
probably constitutes some portion of normal electrical polarity. On such 
evidence it could be predicted beforehand that sodium glycocholate would 
not affect lateral displacement of heteroauxin. To what, then, is the effect 
of sodium glycocholate on longitudinal heteroauxin transport due? 

Sodium glycocholate is a lysin, and is highly lipophilic. In high concen- 
tration, it probably promotes the solution of lecithin and various lipoids 
from the cell membranes, and finally completely destroys the membranes. In 
higher dilutions, however, it may merely compete with the surface-active 
heteroauxin for surfaces. If heteroauxin is transported either by (1) sur- 
face-spreading (15), or by (2) adsorption to a larger, cataphoretically trans- 
ported negative particle, this surface competition would abolish transport. 
Moreover, as Ponder and MacLeod (35) pointed out, if P.D.’s are abolished 
by lysins such as sodium glycocholate and saponin, an electrical transport 
of the heteroauxin anion would be abolished. As yet, no evidence exists 
which indicates such an electrical transport, but the methods of measurements 
so far used may be entirely insufficient to demonstrate electrical properties 
of individual membranes possibly responsible for transport polarity. As 
pointed out in the section on applied P.D. and unipolar conductance, it is 

s Lateral transport of auxin in electrotropism has not as yet been directly measured. 

6 Ethylene increases heteroauxin destruction in Pisum, but not enough to completely 
inhibit growth. If growth can occur, geotropism should occur if lateral transport may 
take place (31). 
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hoped that polarization-capacity experiments will reveal such properties, 
especially when studied during reversible narcosis. Further, a homologous 
series of surface-active substance ( e.g ., the phenyl or indole series of auxins) 
might show an effect on longitudinal transport of auxin-a or heteroauxin, 
the effect being greater as higher members of the series are used. This would 
be interpreted as an increasing competition for surfaces. Polarization- 
capacity studies made during such treatments might reveal further func- 
tional or structural changes in cell membranes due to the action of the 
surface-active homologues. 

Effect of NaG on bromide accumulation by barley roots 

This section deals with a few experiments performed in the hope that it 
might be shown that sodium giycocholate abolished ion accumulation in bar- 
ley roots, a phenomenon shown by TIoagland and Broyer (21) to be depen- 
dent upon oxidations, just as is polar transport. Furthermore, Went (44) 
indicated a similarity between the two, and the present paper has already 
suggested similarities. It will be shown, however, that there is no effect of 
sodium giycocholate on bromide accumulation in roots. 

Barley seeds were soaked in tap water 24 hours, planted in chloride-free 
sand on wire mesh, germinated in tap water in the dark room at 25° C. and 
90 per cent, relative humidity until about a week old, after which they were 
transferred into the diffuse light of the laboratory for 2 hours, and then into 
the green house. Hoagland and Broyer (21) substituted chloride-poor solu- 
tion for the tap water. After the root system was about 2 weeks old, the 
roots were excised, washed with distilled water twice, weighed, dried at 
100° C. for an hour, and reweighed. The difference between wet and dry 
weights was assumed to be proportional to the sap content. The dried roots 
were digested in Na^O (0.5 gm. per gm. wet weight), the digest evaporated 
on a hot plate, neutralized to congo-red paper, filtered, the residue washed 
several times with hot water, and the collected filtrates titrated eleetro- 
metrically with a silver bromide electrode (against a calomel electrode, using 
a KNCVagar bridge) for total bromide (20). Excised roots were placed in 
flasks containing chloride-free and salt-poor solutions (21) containing sodium 
giycocholate, 1 : 100,000, 1 : 10,000, and 1 : 5000, and the controls containing 
no sodium giycocholate. Another lot was run in which this setup was dupli- 
cated, but in addition to which NaBr (0.005 M) was added. The flasks were 
vigorously aerated by bubbling oxygen through sintered glass. After 12 to 
24 or 48 hours, the roots were removed, washed twice in distilled water, and 
analyzed for bromide. No chlorides were present in the controls. 

The electrometric endpoints were highly satisfactory, and easily obtained. 
Sodium giycocholate had absolutely no effect on bromide accumulation by 
these roots. Table VIII shows two typical cases. 
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TABLE VIII 

Effect of sodium glycocholate on bromide accumulation by barley roots 


Milliequivalents Br- per liter 


Experiment 

A 

B 

NaBr in 

SOLUTION 

C 

Amount 

1 ' D 

Accumula- 


NaBr in sap 

ACCUMULATED 

(A-Ac*)-B 

TION RATIO 

(A~Ac*)/B 

6/17/37 





Accumulation time (12 
hr.) 

0.541 (CM) 
11.82 

0 



NaBr 

4.75 

6.53 

2.38 

N aBr + Sodium glyco- 



cholate (1: 10 3 ) 

13.20 

4.75 

7.91 

2.66 

6/21/37 





Accumulation time (15 
hr.) 

Control 

0.114 (CM) 

0 



NaBr 

N aBr + Sodium glyco- 

15.30 

5.00 

10.20 

3.04 

cholate (1: 10 4 ) 

16.9 

5.00 

11.80 

3.36 


* Ac = A control. 


A few experiments on bromide accumulation in Nitella showed that 
1:100,000 sodium glycocholate was toxic, and allowed electrolytes already 
present in the sap to escape. 

It must be concluded that ion accumulation in roots, and polar trans- 
port of auxins are not brought about by the same types of mechanisms. It 
was therefore conjectured that only surface-active ions will display polar 
transport, or be prevented from accumulating. A few experiments were 
then performed in which it was attempted to demonstrate accumulation of 
heteroauxin by Nitella cells, using the FeCl 2 colorimetric test for heteroauxin 
(FeCL and concentrated H 2 S0 4 are boiled with heteroauxin. 1 : 10 6 will 
give a pink color) in expressed sap of cells placed in heteroauxin solutions 
(tap water) from 1 to 50 mg. per liter, which gave very clear tests by this 
colorimetric method, both before and after the experiments. The test was, 
however, much weaker after a run than before, and no test was obtained 
inside the cells (expressed sap). It was concluded that either (1) hetero- 
auxin is completely destroyed in the sap, once it penetrates, or (2) that it 
is present in concentrations too small to be detected by this method, and 
therefore is not accumulated. The cells were probably quite healthy and 
normal, as shown by the fact that they contained nearly 0.1 N in chlorides 
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(as tested by electrometric titration with a chloride electrode), while 
unhealthy cells frequently lose their accumulated ions (21). 

The writer suggests further experiments on the effect of lysins on accumu- 
lation of organic and inorganic electrolytes and nonelectrolytes, including 
surface-active ones. 

Summary 

1. Sections of Pisum stems and of Avena coleoptiles are reversibly polar- 
ized by applied direct currents beyond certain thresholds of applied current. 
The normal electrical polarity may be reversibly increased or decreased, or 
reversed by these currents. 

2. Apical negativity (normal polarity) is increased, within limits, on 
stimulation by alternating currents, but only after certain thresholds of 
applied currents are reached. 

3. Avena coleoptiles cannot act as ohmic rectifiers of an alternating cur- 
rent, as claimed by Metzner (30) for many plant tissues, nor do they display 
a unipolar resistance to a direct current. This means that a possible asym- 
metry in membrane permeability theoretically linked with polar transport 
(accumulation, secretion?) cannot be analyzed by simple unipolar or rectifi- 
cation measurements. 

4. The apical negativity of Avena coleoptile sections is reversibly de- 
creased by ether narcosis, and the P.D. drops to that caused by gravity when 
narcosis is irreversible. 

5. The resistance of Avena coleoptiles reversibly decreases on passage of 
small direct currents and alternating currents. 

6. The resistance changes follow the inherent P.D. changes, but in the 
opposite sense, i.e., when apical negativity increases, the ohmic resistance 
decreases. An exception occurs in complete irreversible ether narcosis, where 
both resistance and P.D. decrease. 

7. Polar heteroauxin transport in Avena coleoptiles may be specifically 
abolished with 1 part of sodium glycocholate in 100,000 parts of water, with- 
out there being any change in electrical polarity , respiration, semi-permeabil- 
ity, growth by cell elongation, or protoplasmic streaming. 

8. Lateral and longitudinal transport of auxin-a in plants are caused by 
entirely different mechanisms, as shown by the different effects of light, 
gravity, applied potential differences, ethylene (31 ) , and sodium glycocholate. 

9. The apparent relation of auxin transport in plants to ion accumulation 
by barley roots, as suggested by Went (44), is shown to be somewhat ques- 
tionable, as sodium glycocholate abolishes the former but has no effect on the 
latter. 

10. Statements 1 to 7 lend additional support to former statements 
made by the writer (15, 16) that electrical polarity, expressed in terms of 
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inherent potential differences (unipolar conductance, or rectification of 
alternating current) has no apparent causal relation to polar auxin transport 
in plants. 

California Institute of Technology 
Pasadena, California 
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CONDUCTIVITY MEASUREMENTS OF PLANT SAP 1 


Glenn A . Greathouse 
(with two figures) 

Introduction 

The plant physiologist recognizes more and more the importance of the 
application of physics and physical chemistry to fundamental plant problems, 
realizing that a mastery of botany, physics, chemistry, and mathematics will 
aid in the understanding of the living cell. 

Conductivity measurements have been widely used in the study of plant 
problems in recent years (7, 8, 12, 14, 15, 17, 25, 27, 28, 32) . A critical exam- 
ination of these articles indicates the desirability of reviewing the basic prin- 
ciples of conductivity measurements and of pointing out the various factors 
that influence the conductivity value of plant sap. This paper will discuss the 
application and limitation of the measurement of electrical conductivity of 
plant saps, with particular reference to cold-hardened and unhardened plant 
tissues. 

Experimental determination of conductivity 

The conductivity of an electrolyte is measured in terms of the resistance 
of the solution between two electrodes, and it is the reciprocal of the resis- 
tance. The resistance may be measured by the alternating current Wheat- 
stone bridge method as employed by Kohlrausch or by modification of this 
method. For the theory of bridge measurements the reader is referred to 
standard textbooks of physics and physical chemistry. 

The essential features of an apparatus for measuring the resistance of an 
electrolyte by the Kohlrausch method are indicated in figure 1. In this 
diagram C is the electrolytic cell, R is a variable resistance, X is the con- 
denser, E is a source of alternating current, T is the current detector, a and 
b the ends of the bridge, and d the movable contact. R t is a resistance coil 
(the resistance of each coil is usually times that of the wire, making the 
latter 0.1 of the total resistance of the ratio arms) and K is a switch to short 
circuit the coil B 

Kohlrausch ’s classical method has had the benefit of numerous improve- 
ments in recent years. The researches of Washburn (38, 40, 41) have been 

i Measurements of electrical conductivity have many applications in physiological 
investigations. The importance of knowing the underlying principles involved in such 
measurements as well as the limitations of application to plant physiological problems 
cannot be overemphasized. In this report prepared by Dr. Glenn A. Greathouse for the 
Physical Methods Committee measurements of conductivity and their applications are 
discussed. This report, together with its bibliography, should be helpful to those working 
in this field of research . — Earl 8. Johnston , Chairman. 
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particularly valuable in stimulating accurate work in conductivity measure- 
ments. Of particular importance from the standpoint of precision measure- 
ments has been the introduction of vacuum tube alternating current genera- 
tors and amplifiers for providing currents of symmetrical wave form, on the 
one hand, and increasing the sensitivity of the detector on the other (11, 19, 
20). Jones and Josephs (20) have described in a detailed paper a direct 
reading alternating current bridge embodying these new features. Their 
paper also includes a valuable and comprehensive study of various sources of 
error from the electrical standpoint in the Kohlrausch method as it has been 
generally used. Stone (35) has likewise described a vacuum tube potenti- 
ometer for the measurements of the conductivity of solutions. The circuit 
employs two thermionic tubes, the plate currents of which are visually bal- 
anced by a very sensitive null-point galvanometer through the adjustment 
of grid potentials derived from small batteries, and the superimposed alter- 
nating current used in the measurement. 

For wiring diagrams of modifications and improvements over the classical 
Kohlrausch method the reader is referred to articles by Hall and Adams 
(11), Shedlovsky (33), and Stone (35). 

Factors affecting accuracy of conductivity measurements 

In measuring the conductivity of solutions it is desirable to use a low 
voltage in the bridge. This may mean a modification of the oscillator to give 
low and controllable voltages. The use of low voltages in the bridge 
diminishes its sensitiveness, and, as a result, the amplification must be 
improved. The principles of design of a transformer for a vacuum tube 
amplifier are described by Jones and Bollinger (19) and Stone (35). 

The resistances used must be as free as possible from the effects of in- 
ductance and capacitance at the frequency of the current in the bridge 
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circuit ; also, attention must be given to protecting the bridge against exter- 
nal influence caused by capacitance and inductance. Jones and Bollinger 
(19) state that the mutual inductance between the oscillator and the de- 
tector, and between the oscillator and the bridge, may cause an error in 
the measurement of the conductivity of solutions when low voltages are 
being used. They give means for the discovery and elimination of this 
error. 

For precision work, the electrostatic screening of the bridge is essential. 
An unscreened bridge is affected by the movements of the observer. With- 
out adequate shielding, delicate balances are difficult to obtain because of 
shifting capacities introduced by the hand of the operator, etc. Also, only 
with proper screening are measurements of high precision possible under 
conditions existing in modern laboratories in which other electrical work 
may be in progress. 

The experimenter must determine the desired accuracy needed in the 
oscillator, the current detector, etc. References on these points can be 
found in papers by Shedlovsky (33) and AYashburn and Parker (41). 

Balancing of the circuit depends upon instantaneous equality of poten- 
tial at the terminals. This condition cannot be established if the currents 
in the two parts of the bridge are out of phase. If the conductivity of the 
electrolyte is high the current flowing in the cell may be out of phase with 
that of the resistance on account of the electrostatic capacitance of the 
conductivity cell. Such a condition prevents perfect balancing of the sys- 
tem. In precise measurements an adjustable condenser is connected across 
the terminals of the balancing resistance to annul the capacity of the cell. 

The use of properly constructed conductivity cells and platinized elec- 
trodes is essential. The use of cells of high cell constant (length divided 
by cross section) is recommended so that the resistance to be measured will 
be high (10,000 to 30,000 ohms), thereby reducing polarization and heat 
effects in the cell. A convenient test of the quality of cells is observation 
of the variation in apparent resistance with variation in frequency. Cells 
with sliding electrodes, or electrodes easily distorted, should be avoided. 
The reader is referred to a paper by Washburn (38) for different types 
and sizes of conductivity cells adapted to measurement of solutions pos- 
sessing low to high conductivity. He gives formulae to calculate the area 
of electrodes and the distances between these electrodes to be used for dif- 
ferent ranges of conductivities, together with the minimum volume for each 
type of cell. 

In most cases the platinum electrodes should be coated with platinum 
black, which increases the surface area and aids in reducing the surface 
density of ions deposited, to which the E. M. F. of polarization is propor- 
tional. The platinum electrodes must be thoroughly cleaned before being 
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coated with platinum black. This may be done by pouring enough concen- 
trated HC1 into the cell to cover the electrodes. The electrodes are con- 
nected with a current of 1.5 to 6 volts through a reversing switch and then 
electrolyzed by reversing the current every 30 seconds until all of the old 
platinum black is stripped off. The hydrochloric acid is then poured out 
and the cell rinsed. Now the electrodes are covered with platinizing solu- 
tion and electrolyzed with 30-second reversals for 10 minutes or more. A 
resistance is often inserted in the system so that a gentle evolution of gas 
occurs, and a fine deep black coating of platinum, free from lead, is de- 
posited. The platinizing solution consists of 1 gm. of chloroplatinic acid 
and 0.008 gm. of lead acetate in 30 ml. of water. After the electrodes are 
well coated with platinum black, the cell is immersed for a number of hours 
in warm distilled water, frequently changed to remove absorbed salts. 
Finally, 6 N H 2 S0 4 is poured into the cell which is connected with the 
source of the current and electrolyzed with 30-second reversals for a period 
of about 15 minutes. This treatment removes from the electrodes the last 
traces of platinizing solution and occluded chlorine. The electrodes are 
then rinsed and stored in distilled water. They should not be allowed to 
dry out. 

Conductivity cells for low conductance solutions should be lightly plati- 
nized and those for high conductivity solutions should be heavily platinized. 
The cells should be carefully annealed and aged before use. Likewise, large 
temperature changes should be guarded against as they lead to thermal 
strains which may alter the distance between electrodes. 

The cell constant applies only to a particular temperature. Kohlrausch 
has recommended several solutions of known conductivity for standardiza- 
tion of the electrolytic cell, but in many cases these are suitable only for 
approximate work. His standard is normal KC1 solution made up from 
74.555 gm. of pure KC1 weighed in air and diluted to one liter at 18° C. 
This solution should have a conductivity of 0.09822 and a density of 1.04492 
at 18°. Frequently the normal solution of KC1 is diluted to 0.02 N and used 
for determining the cell constant. This solution at 18° has a conductivity 
of 0.002397 according to Kohlrausch. 

Parker and Parker (29) recommend that, with the ordinary definition 
of cell constant, the concentration of the solution should be expressed in 
equivalents per cubic decimeter, not per liter, and unit concentration is 
then demal, not molal or normal. They also find that the value of the cell 
constant depends on the voltage and frequency of the current, and on the 
electrolyte used. They suggest that the standard solution be made from 
76.6276 gm. of pure KC1 weighed in air and added to 1000 gm. of water 
also weighed in air. The standard solution may then be diluted as in solu- 
tions recommended by Kohlrausch to 0.1 to 0.01 N. The conductivity of the 
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one demal solution was found by Parker and Parker (29) to be 0.097790 
at 18°. This value is lower than that given by Kohlrausch. Tables of 
values for temperatures from 0° to 30° are given along with a comparison 
of previous data. 

Washburn (38) determined the cell constant with a solution of 7.4300 
gm. KC1 in 1000 gm. of solution (weights in air). This solution produced 
a conductivity of 0.01288 at 25°, in contrast with that of Parker and 
Parker, of 0.0128524 at 25°. It is good practice to ascertain the known 
conductivity of a given solution as recorded in the International Critical 
Tables. 2 The writer’s experience has shown that these tables as given in 
textbooks may contain errors. 

It is necessary to have a balance between the resistance of the lead wires 
to the conductivity cell and that of the wire connecting the resistance box 
with the bridge. Otherwise the lead resistance must be determined by mea- 
suring the resistance of the cell when filled with mercury and this resistance 
subtracted from the measured resistances. 

Alternating current of high frequency is necessary to prevent the polari- 
zation of the electrodes which occurs when direct current is used ( 36 , 38 ). 
Currents of 1000 cycles or more should be used to minimize polarization. 
Polarization can be minimized and made practically insignificant by a com- 
bined use of proper platinization, large electrodes, high frequency, and high 
resistance. Experiments have shown that, if polarization is eliminated, 
Ohm’s law can be accurately followed, and the actual values of the applied 
potential and current need not be known as they cancel out in the final 
calculation of conductivity. 

Since the resistance of an electrolyte is affected appreciably by tempera- 
ture, the conductivity cell must be immersed in a bath, the temperature of 
which is kept constant and measured accurately. Water may be used as a 
bath liquid, but in some cases in which the conductivity of the electrolyte is 
low, an oil bath is preferable. A temperature difference of 1° C. changes 
the value of the conductivity of the solution about 2 per cent. In order to 
obtain an accuracy to 0.1 per cent., temperature control of 0.05° is necessary. 

Good insulation between the various parts of the apparatus is essential. 

Conductivity measurements in pure and biological solutions 

The conductivity of pure liquids is small. Purest water obtained by 
Kohlrausch and Heydweiller ( 23 ) had a conductivity of 0.043 x 10" 6 at 

2 Jones, G., and Prendergast, M. J. Jour. Amer. Chem. Soe. 59: 731-736. 1937: 

“the absolute specific conductance of the 1, 0.1 and 0.01 N KC1 solutions recommended 
by Kohlrausch as a standard of reference for conductivity measurements have been rede- 
termined. The results indicate that the corrections used by the international Critical 
Tables 9 in the recalculation of the conductance data are unreliable. J ? 
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18°. If pure water is allowed to reach equilibrium with the C0 2 of the air, 
its conductivity increases and is about 0.8 to lx 10“ 6 . 

The interpretation of conductivity values obtained from single com- 
ponent solutions, pure and dilute, is much simpler than those secured from 
mixed or biological solutions. The conductivity values obtained from plant 
saps 3 must be interpreted cautiously. It is almost impossible to translate 
conductivity values of mixed salts or plant saps into concentration values. 
Accordingly, one cannot calculate from electrical conductivity measure- 
ments the concentration of salts in plant saps. Dexter (3) and others have 
attempted to translate conductivity values into salt concentrations. Dexter 
states that ‘ * the salt per gram of water in the plant decreased as the season 
advanced, in spite of the fact that the amount of water decreased. That is, 
the concentration of salt in the sap, assuming all water to be free for solvent 
purpose, decreased regularly.” Harris, Gortner, and Lawrence (12) 

have suggested the use of the ratio as of value in indicating changes in 


the ratio of electrolytes to non-electrolytes in plant saps. Pascoe (30) 
found that the depression of the freezing point in the mixture of MgCl 2 and 
MgS0 4 is a linear function of the mixture, whereas the conductivity curves 
is not a linear function in mixed solutions. Pascoe 's results, as well as the 
writer’s (7, 8), indicate that the conclusion of Dexter and the use of a 
ratio by Harris, Gortner, and Lawrence are unwarranted. 

Factors that may affect the conductivity of plant saps are: (1) hydra- 
tion of colloids and crystalloids (frequently recorded as “ bound water” or 
“unfreezable water”); (2) viscosity; (3) adsorption of ions by colloids 
(colloids differ in their ability to adsorb certain ions (16) ; (4) nonelectro- 
lytes; (5) change in the dielectric constant of the system, as a result of the 
action of colloids, organic acids, etc. ; (6) surface conductance of colloids; 
(7) concentration and solubility of the crystalloids; (8) temperature; and 
(9) size of molecule of crystalloids. 

Wiedemann (42) was the first to point out a connection between con- 
ductivity and viscosity. From his work on solutions of CuS0 4 , he formu- 
ky 

lated a relation — = constant, where k is the conductivity of a solution of 

concentration p, and y is its viscosity. The resistance offered to the motion 
of an ion in solution because of the viscosity may be expected to have some in- 
fluence on conductance. For single component systems of higher concen- 
trations, the calculated ionization has been shown to change by 8 per cent, 
depending upon whether or not viscosity is taken into account. It is quite 
evident that viscosity influences the conductance of plant saps (tables I, 
III). 

3 For a discussion of methods of extracting of plant saps see Plant Physiol. A: 103. 
1929; 7: 439. 1932. 
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Green (10) working with sugar, salt, and acid solutions, showed that 
conductivity did not vary directly as fluidity, but to some function approxi- 
mately f 2/3 . The power 0.55 was found to give the best results for the 
experiments with HC1, and 0.70 when KOI was the electrolyte used. 

Table I presents representative data that indicate the influence of some 
of the factors involved in the interpretation of conductivity measurements 
on plant tissues. The red clover plants used in this study were a portion 
of the samples collected on January 30, 1935, for which a chemical analysis 
has been published (8). The cabbage plants were of the Early Jersey 
Wakefield variety. These plants were grown until 67 days of age under 
identical cultural and environmental conditions. At the end of this period 
the plants were divided into two groups. One group of plants was left in 
the greenhouse while the other group was placed in the hardening room at 
40° F., remaining there for an additional period of 12 days. The plants 
were illuminated by means of 100-watt Mazda lamps placed at a distance 
of 3 ft. from the plants. During the growth of these plants, an attempt 
was made to control all variables except the temperature at which the plants 
were grown for the 12-day period previous to sampling. The Bryophyllum 
plants were grown in the general plant physiology greenhouse. The meth- 
ods used in these analyses were similar to those previously discussed (7, 8). 

TABLE I 

Physical and chemical measurements of plant tissues 


Tissue 

Total 

MOIS- 

TURE 

UN- 

FREEZ- 

ABLE 

WATER 
-22° 
c. % 

TOTAL 

WATER 

Spe- 

cific 

CON- 
DUC- 
TANCE 
X 10' 5 
25 + 
0.02° 
c. 

Vis- 

cosity 

(rela- 

tive) 

pH 

Total 

SUGAR 

% 

DRY 

WT. 

Pro- 

tein 

NITRO- 

GEN* 

% 

DRY 

WT. 

Non- 

pro- 

tein 

NITRO- 

GEN* 

% 

DRY 

WT. 


% 

% 




% | 

% 

% 

Cold-hardened red 









clover roots 









Preneh variety ... 

80.60 

17.37 

1069 

1.146 

5.24 

10.86 

1.527 

1.278 

Ohio variety 

77.90 

20.46 

865 

1.250 

5.57 

13.40 

1.526 

1.326 

Cabbage (shoot) 79 
days old 

TJnhardened 

90.32 

8.30 

1637 

1.356 

5.26 

5.68 

1.617 

0.532 

Hardened . 

88.32 

9.53 

1331 

1.407 

5.32 

8.23 

1.376 

0.766 

Bryophyllum 

Leaf blade 

93.79 

1.59 

734 

1.136 

4.03 




Yonng plants from 
leaf blade 

83.25 

4.18 

616 

1.251 

4.49 




Leaves from three 

lower nodes 

Leaves from three 

93.60 

1.76 

741 

1.146 

4.12 




upper nodes 

91.73 

3.25 

625 

1.198 

4.83 





* The nitrogen determinations were made by Dr. Neil W. Stuart. 
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In the interpretation of the data of table I it is essential to keep in mind 
that the carbohydrate, nitrogen, total water, and unfreezable water analyses 
were made on the whole tissue, while the conductivity, viscosity, and pH 
determinations were made on the plant sap. The data of table I show that 
with each plant type the conductivity varied inversely with the relative 
viscosity, the nnfreezable water, and the total sugar content. These data 
show that the total water content is positively correlated with the conduc- 
tivity, while the unfreezable water and nonprotein nitrogen values are nega- 
tively correlated with conductivity. No consistent relationship between 
protein nitrogen and conductivity was found. It has been previously 
pointed out that there was no consistent relationship between total water 
content of roots and shoots and the hydration measurements (9). Neither 
was the protein nor the nonprotein nitrogen found to influence markedly 
the hydration capacity of the tissues. 

Kruyt (24) states that investigations made in his laboratory have forced 
him to assume that hydration, which is without doubt closely connected with 
the orientation of the water dipoles, must be understood as meaning that 
the dipoles which are situated in the neighborhood of a particle are in 
complete orientation and that those somewhat more remote are less per- 
fectly orientated. If this is the case, the degree of hydration would greatly 
influence the solubility of the salts present, and the tissue with the greater 
degree of hydration would have the lower conductivity. 

It is difficult to distinguish cause from effect in conductivity measure- 
ments of plant sap. Nevertheless, with a critical examination and applica- 
tion of both physical and chemical methods of analysis to plant tissues the 
relation between cause and effect of conductivity of plant saps should 
become clearer. 

The same basic factors may be responsible for lower conductivity in 
cold-hardened tissue and in tissue of different age and position on the same 
plant (table I). Other investigators, when studying the gradients in plants, 
have noted a lower conductivity with younger tissue. This shows how diffi- 
cult it is to interpret conductivity measurements even within the same 
plant. From the data in tables I and II and from those of other investi- 
gators, evidence points to the possibility that ions bound to the colloidal 
phase could offer considerable protection to loss of water from plant tissues. 

In order to determine whether this lower conductivity was due to lower 
ion or salt content, sap was expressed from plant tissues, the conductivity 
determined, and 50 ml. of this plant sap brought to volume in an accurate 
thermostat. This volume of plant sap was electrodialyzed until free of all 
removable ions and again brought back to the original volume and the con- 
ductivity redetermined. The results of this experiment are presented in 
table II. 
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TABLE II 

Conductivity measurements on plant sap before and after electrodialysis 


Plant sap from 

Conductivity of 

SAP BEFORE ELECTRO- 
DIALYSIS x 10' 5 

25 ±.02° C. 

Conductivity of 

SAP AFTER ELECTRO- 
DIALYSIS X 10" 5 

25 ±.02° C. 

Difference 

Cold-hardened red clover roots 




Prench variety 

1069 

1106 

37 

Ohio variety 

865 

1023 

158 

Cabbage plants 79 days old 




Unhardened 

1637 

1698 

61 

Hardened 

1331 

1601 

270 

Unhardened red clover roots 


■. ■ ' ' | 


Prench variety 

873 

895 

22 

Ohio variety 

708 

726 

18 


These data indicate that the differences in conductivity in these tissues 
are not caused entirely by potential ion. content, but that some of the ions 
are probably adsorbed, or that ionization of the salts is influenced by 
viscosity, dielectric changes, etc. 

The influence of non-electrolytes on conductivity of salt solutions has 
been known for many years. Very few, if any, measurements have been 
made of the influence of nonelectrolytes on plant saps. Table III gives data 
to show the effect of sucrose on the conductivity of plant saps. 


TABLE III 

Effect of sucrose on conductivity of plant sap 


Sucrose added to 

PLANT SAP 

Conductivity of plant sap 
x 10- 5 25 ± .02° C. 

Difference 

Original 

After addition of ! 

SUCROSE 

Normality 




0.02 

805 

788 

17 

0.1 

805 

745 

60 

0.2 

805 

701 

104 

0.4 

805 

724 

81 


It can be noted from table III that the conductivity of the plant sap 
decreases on the addition of sucrose in small amount, probably because of 
decrease in ionization and the mobility of ions as a result of change in vis- 
cosity. With further addition of sucrose the conductivity increased, pos- 
sibly because of hydration and concentration effects on the nonelectrolytes. 
The addition of other sugars, such as glucose and fructose, to plant saps 
gave results similar to those of the experiments with sucrose differing, how- 
ever, in the concentration needed to produce a decrease in conductivity. The 
results in table III were corrected for the conductivity of the sugar solutions. 
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The conductivity and the freezing point depression of solutions of 
sucrose in distilled water were determined in order to note the influence of 
different concentrations. These results are presented graphically in figure 2. 



Pig. 2. Variations of specific conductance and freezing point depression with change 
in concentration of sucrose. 

The conductivities shown by these sugar solutions are probably caused, 
not only by small quantities of impurities present, but also by a slight ioni- 
zation of the sugar molecule itself, since other workers have shown that 
sucrose is to be regarded as an extremely weak acid. The decrease in con- 
ductivity after the solution has reached a concentration of 0.8 N is probably 
the result of a decrease of ionization and mobility of the ions. 

The depression of the freezing point curve for sucrose deviates progres- 
sively from a straight line in a manner indicative of a greater apparent 
degree of hydration of the sucrose molecule at higher concentrations. In 
other words, the sucrose does not attract the (HOH n ) molecules to an extent 
always equivalent to the formation of a hexahydrate, as suggested by 
Scat chard (31), but increases in its apparent degree of hydration with 
decrease in the relative activity of the water in the solution. This may have 
some bearing on the conductivity values of plant saps. 

As it was thought possible that inversion of the sucrose might be brought 
about by the presence of materials in the plant sap, with a consequent small 
alteration of the viscosity, a solution was kept for an hour and examined by 
polariscope and reduction, but little inversion could be detected, and the 
effect of such a source of error may be dismissed as negligible. 

There are a number of other possible factors that might be responsible 
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for deviations in conductivities of plant saps. Marinesco (26) has found 
that the dielectric constant is lowered by the addition of colloids to the 
solvent water. 4 On the basis of these findings it is probable that the dielec- 
tric constant is lowered by water-binding of the cell constituents. Therefore, 
the tissue with the greater water-binding capacity should have less dissocia- 
tion of electrolytes and consequently a lower conductivity. A number of 
investigators have noted a change in organic acids with change of the en- 
vironment of the plants. These changes in acid content would likely influ- 
ence the hydration of the system and its dielectric value. 

There is always the possibility that a certain portion of the conductivity 
in plant saps is caused by the surface conductance of colloids. Briggs (2) 
found that the electrical conductivity of a colloid gel was not necessarily 
related to the presence or the concentration of ionized electrolytes. He 
noted that a membrane of pure cellulose immersed in conductivity water 
conducted a current, and he was able to demonstrate that the conductivity 
w r as not due to inorganic constituents present in the system. In a more 
recent paper, Briggs has demonstrated that there is a definite lyotropic 
series of ions which influence surface conductance. As a result of these 
investigations there is indication that the conductivity of plant saps is in 
part associated with surface conductance through the lyophilic colloidal gel 
structure, as well as with ionic conductance of the solvent. 

Application of conductivity measurements 

Pure water is essential for most laboratory work and it is necessary to 
know from time to time the conductivity of the distilled water used as a 
solvent. These data can be obtained quickly and accurately by means of 
the conductivity apparatus. Distilled water for general laboratory pur- 
poses should not have a conductivity greater than from 1.5 to 2 x 10~ 6 and 
for work of greater precision water of conductivity 1 x 10~ 6 or better should 
be obtained. In precision conductivity measurements there is a water cor- 
rection. This correction has been discussed by Washburn (39) and by 
Kendall (21, 22). 

The principle of increased permeability and electrical conductivity of 
injured tissue is a familiar one to the plant physiologist. The application 
of this method to different plant problems can be found in papers by Heald 
(14), Hibbard and Miller (15), Hoagland and Davis (17), Hottes (18), 
Merrill (27), and Osterhout (28). 

The diffusion of electrolytes from tissue exposed to low temperature in 
distilled water has been determined electrometrically by Dexter and asso- 

4 In this connection it is interesting to note that Alexander and Shaw (1) Rave 
recently devised a method for the determination of ice-water relationships by measurements 
of dielectric constant changes. 
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ciates (4). The magnitude of the electrical conductivity has been asso- 
ciated with the known hardiness of the tissue. Greathouse and Stuart 
(7, 8) have applied conductivity measurements of plant sap to the problem 
of cold hardiness. According to the work of Dexter, and of Greathouse 
and Stuart, the degree of cold hardiness of plants is related to the ions that 
move by diffusion from the tissue or to the ions free in the plant sap. This 
measurement, however, does not give the true ionic relationship in these 
tissues (tables II, III). 

The production of C0 2 in respiration has been measured electrometri- 
cally (13, 34). 

Conductivity measurements are very useful in determining when the 
substrata are free of their ions after electrodialysis of plant materials. 

The physical chemist has used this measurement for the determination 
of (a) the solubility of difficultly soluble salts; (b) the basicity of organic 
acids; (c) the degree of hydrolysis; (d) the end-points in titration reac- 
tions; and (e) the dissociation of water and other solutions. 

Precautions in electrical conductivity measurements 

If the proper apparatus is assembled, connected, and adjusted correctly 
it is possible to make conductivity measurements with the great degree of 
precision which is* necessary in all research laboratories in plant physiology. 
The application of this measurement to some of our plant problems has 
proved of great importance. The method has practical value even though 
its results cannot be interpreted in terms of ion concentration and behavior. 
If the true ion concentration and behavior are required, it will be necessary 
to determine these properties through additional experimentation. 

It is obvious that anyone who is to make conductivity measurements 
should know the basic principles of the apparatus as well as those of the 
ionic relationships of solutions. One should know how to design and plati- 
nize electrolytic cells for solutions of low or high conductivities. Other 
factors of equal importance have been previously mentioned in this paper. 

Errors in the conductivity measurements must be guarded against if it 
is to be a useful tool to plant science. Errors produced by polarization at 
the electrodes, changes in temperature, etc., on conductance are or should 
be common knowledge. It is the less obvious errors that are frequently 
ignored. 

Electrical units and laws pertaining to conductivity 

Ohm, in the well known law (E = Elk) , summarized the relation between 
resistance, current, and pressure, where E is the resistance, E the electric 
pressure, and I the current, while k is a factor depending only on the choice 
of units and can be made equal to unity. 
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The unit of electrical resistance is the International Ohm and is defined 
as the resistance offered to an unvarying current by a column of mercury 
at the temperature of 0° C., 14.4521 gm. in mass, 106.3 cm. in length, and of 
constant cross section. 

The unit of current is the International Ampere and is defined as the 
unvarying electric current which when passed through a solution of silver 
nitrate in water, in accordance with specified conditions, deposits silver at 
the rate of 0.001118 gm. per second. 

The unit of electric pressure is the International Volt and is defined by 
Ohm’s law as the electric pressure which, when steadily applied to a con- 
ductor the resistance of which is one International Ohm, will produce a 
current of one International Ampere. 

Both the ampere and the volt are based upon the fundamental law of 
Faraday, ‘which shows the relation between the current and the amount of 
chemical reaction that takes place when a current passes from a metallic 
conductor to an electrolytic conductor. Faraday’s law is divided into two 
parts and may be expressed by the following relationships: (1) the amount 
of any substance deposited by the current is proportional to the quantity of 
electricity flowing through the electrolyte, (2) the amounts of different 
substances deposited by the same quantity of electricity are proportional to 
their chemical equivalent weights. 

The specific resistance, or resistivity, of an electrolyte may be defined 
as the resistance in ohms of a centimeter cube of solution. Specific con- 
ductance, or conductivity, is the reciprocal of specific resistance. 

The molar conductance is the conductivity, in reciprocal ohms, of a 
solution containing one mol of solute when placed between sufficiently large 
electrodes which are exactly 1 cm. apart. The equivalent conductance may 
be defined in the same terms as molar conductance, if one gram-equivalent 
of solute is substituted for one mol of solute. 

It is obvious that the construction of an electrolytic cell with electrodes 
suspended exactly 1 cm. apart and each electrode having 1 sq. cm. of area, 
would be difficult. To avoid this difficulty a cprrection is made and is 
incorporated in the value known as the cell constant. 

The cell constant, C, is defined by the equation k = C/R in which k is 
the specific conductance of a solution and R the resistance of the cell con- 
taining that solution. The cell constant may be calculated from a measure- 
ment of R by the usual procedure when a solution (usually 0.1 or 0.01 N 
KG1) of known k is in the cell. 

Summary and conclusions 

1. The basic principles, the apparatus, and the precautions needed in 
determining the specific conductance of solutions are discussed. 
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2. Data are presented which indicate that conductivity values obtained 
from plant sap must be interpreted cautiously. 

3. A list of possible factors that may affect the conductivity values of 
plant sap is presented and each factor discussed. 

4. The electrodialysis data indicate that the lower conductivity of the 
expressed sap from cold-hardened plants was not due entirely to fewer ions, 
but was probably influenced by adsorption, viscosity, ionization, etc. 

5. The conductivity of plant sap was found to decrease on the addition 
of nonelectrolytes in small amounts. With further addition of nonelectro- 
lytes the conductivity increased. 

6. The interaction of the solute and solvent is of major importance in 
the interpretation of electrical conductivity data. 

7. The application and limitations of specific conductance measurements 
are given. 

Bureau of Plant Industry 
College Station, Texas 
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BEHAVIOR OF PECTIC SUBSTANCES AND NARINGIN IN 
GRAPEFRUIT IN THE FIELD AND IN STORAGE 

Gr. L. Rygg and E. M . Harvey 
(with five figures) 

Introduction 

The physiological breakdown of citrus fruits variously known as storage 
spot, pitting, or pox has presented a perplexing problem to growers and 
shippers ever since the storage and transportation of these fruits was under- 
taken on an extensive scale. This breakdown manifests itself in various 
forms of blemishes of the rind, depending on such factors as the inherent 
condition of the fruit, the temperature at which the fruit is held, the length 
of storage, and the composition of the atmosphere surrounding the fruit. 
The disease is associated with exposure to excessively low temperatures, but 
its development is conditioned by the other factors mentioned. Partial con- 
trol of this disorder has been attained in commerce by raising the tempera- 
ture at which the fruit is held during transit and storage, the temperature 
depending on the kind of fruit in question. California oranges hold well at 
38° F., but California-grown lemons and grapefruit require a temperature 
of 50° to 55°, and recommendations of temperatures as high as 65° have 
been made for commercial grapefruit storage. Other factors enter into the 
consideration of the best holding temperature ; e.g., grapefruit will develop 
a deeper yellow or bronze at a temperature of 55° than at 65°. This deep 
yellow color is considered undesirable by the trade because of the appear- 
ance but has no ill effect on the quality of the fruit. On the other hand, fruit 
held at 65° will be more subject to attacks by the various organisms of decay. 
High, relative humidities are necessary at these higher temperatures in order 
to reduce shrinkage, but also afford favorable conditions for the development 
of these organisms. 

It has been shown previously (6) that losses from pitting in grapefruit 
can be reduced by choosing the proper season for picking fruit which is to 
be held or which is to be shipped great distances under refrigeration. Addi- 
tional evidence on the influence of season on the susceptibility of grapefruit 
to pitting will be submitted in this paper. The nature of the changes oc- 
curring in the fruit during its development on the tree which tend to increase 
or decrease its susceptibility to pitting if subjected to the unfavorable envi- 
ronment of low storage temperatures is not known. Evidence has been 
presented previously (6) and additional evidence is presented in this paper 
indicating that the temperature in the grove during the period immediately 
preceding picking has a bearing on the susceptibility the fruit will have to 
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pitting upon subsequent storage. Evidence is also presented that certain 
concomitant changes take place in the composition of the rind of the fruit. 
These changes may have a' partial responsibility in bringing about variations 
in susceptibility to pitting, but other changes which have not been noted may 
play a more important part. 

Material and methods 

Although the general problem of the pitting of the rind arises in several 
kinds of citrus fruits, this report will be limited to work on the Marsh variety 
of grapefruit ( Citrus grandis (L.) Osbeck). In order to obtain information 
on the possible effect of the place of production on the holding quality of the 
fruit, collections were made from three widely separated groves : (1) Near 
Oasis, California, in the Coachella Valley ; (2) Corona, in the western part 
of southern California; and (3) Woodlake, in the central California citrus 
district. At Oasis the collecting period extended from October 29, 1935, to 
April 14, 1936 ; at Corona from March 10, 1936, to October 6, 1936 ; at Wood- 
lake from December 4, 1935, to July 21, 1936. Each interval between collec- 
tions was approximately 6 weeks. Five collections were made at Oasis and 
six each at Corona and Woodlake. At Oasis the collecting extended over a 
period of 168 days, at Corona 210 days, and at Woodlake 211 days. At each 
collection sufficient fruit was collected to provide 50 fruits for each storage 
room and 50 for immediate sampling. The fruit was collected from the same 
group of trees at each picking. Of each lot of 50 fruits 20 were used for the 
analytical work and the remainder for the respiration studies. The analyti- 
cal material consisted of the flavedo and albedo from the stem end of the 
fruit. These lots were ground in a food chopper with a nut-butter attach- 
ment, mixed thoroughly, and samples weighed out for pectin, naringin, and 
water determinations. Duplicate 25-gm. samples were used for the pectins, 
duplicate 10-gm. samples for naringin and for the water content of the 
flavedo, and single 50-gm. samples for the water content of the albedo. 

Pectic substances were determined as calcium pectate by the method used 
in work previously reported ( 6 ). Naringin was determined by the colori- 
metric method described by Harvey and Rygg (5). Water content of the 
flavedo was determined by the toluene method and of the albedo by drying 
to constant weight at 80° C. The latter method was unsatisfactory for the 
flavedo because of the error introduced by the volatile oils. 

The method used in the respiratory studies was that described by Harvey 
and Rygg (7). In this method the fruit is placed in an airtight chamber 
fitted with a mercury manometer and the changes in pressure are recorded 
at frequent intervals. A blank with approximately the same free air space 
is observed simultaneously in order to provide corrections for barometric 
pressure changes and for changes in gas volume due to the slight temperature 
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variations. This correction would not compensate for any changes in rate 
of respiration brought about by temperature changes. 

At the time the fruit is placed in these chambers it is surrounded by 
atmosphere of normal composition, but as the oxygen is consumed and CO 2 
is given off there is a gradual change to anaerobic conditions. During this 
change the pressure is being reduced. 1 The maximum negative pressure 
occurs at approximately the time when the 0 L > becomes exhausted ; then with 
continued CO 2 production the pressure increases at a fairly constant rate for 
a considerable period of time. The rate at which these changes in pressure 
occur at a given temperature depends on the condition of the fruit. It was 
found that with grapefruit there was a correlation between the length of time 
during which the pressure remained negative and the pitting which developed 
after subsequent storage of corresponding lots. 

In all except rare instances respiration in stored fruit produced a nega- 
tive pressure of varying intensity and duration followed by the development 
of positive pressure at a uniform rate for a period of days. The data 
presented are based on the duration of this negative pressure. 

The storage rooms were maintained at 38°, 46°, 56°, and 68° F. Fruit 
from Oasis was not stored at 68°. No pectic analyses were made on stored 
Woodlake fruit nor on the stored fruit of the second picking from Corona. 


Results and discussion 
Behavior of fruit in storage 

The relation between the stored and field lots is shown in figure 1, and 
the severity of the pitting in tables I and II. Pitting was most severe in the 


FIELD 

COL LECTIONS 


OA S 


CO RO N A 


STORAGE 
TEMPERATURE ®F. 



Fig. 1 . Diagram showing relation of storage lots to various field conditions. 

1 This apparent reduction in gas volume is accounted for, at least in a large part, by 
the evolved C0 2 going into solution in the fruit juice. This fact magnifies the need for 
a standard and constant temperature in using this method. 
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fruit stored at 38° F. regardless of the source. Figure 2 shows the results 
obtained with fruit from Oasis, and figure 3 the results with fruit from 



Fig. 2. Hours of negative pressure, weighted pitting percentage, total peetie con- 
tent, and percentage of naringin of the albedo of the stem end of Marsh grapefruit grown 
near Oasis, California, with mean temperatures for the 5 days preceding picking. 

Corona. The values used to express the severity of pitting were obtained 
by adding the percentage of severely pitted and one-half the percentage of 
slightly pitted fruit. This evaluation is arbitrary but was adopted for con- 
venience. The grading of the pitting is also arbitrary ; it is the same as that 
used in the previous report (6), namely, that pitting which was considered 
of commercial importance was classified as severe and anything less as slight. 
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Pig. 3. Hours of negative pressure, weighted pitting percentage, total pectic con- 
tent, and percentage of naringin of the albedo of the stem end of Marsh grapefruit grown 
near Corona, California, with mean temperatures for the 5 days preceding picking. 

The fruit from Oasis pitted most severely early and late in the season 
with a period of reduced susceptibility in midseason. The susceptibility to 
pitting varied with the temperature prevailing previous to picking, being 
higher with the higher temperatures as shown in figure 2. The temperatures 
given are the averages of the mean daily temperature during the 5 days pre- 
ceding the picking. Similar results were obtained with grapefruit from 
Oasis in 1933-34 and 1934-35, and from Phoenix, Arizona, during the season 
of 1934-35. 

The fruit from Corona pitted with varying degrees of intensity during 
the season, but the least pitting also occurred about midseason at this loca- 
tion. There was considerable agreement between the mean temperature of 
the 5 days preceding picking and the susceptibility to subsequent pitting. 

The fruit from "Woodlake was highly resistant to pitting early in the 
season and became progressively more susceptible as the season advanced 
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until the last two pickings, when every fruit pitted and nearly all pitted 
severely. The first picking showed only 18 per cent, of slight pitting and no 
severe pitting after 6 weeks at 38° F. These results are in marked contrast 
with those obtained on fruit from Oasis which, if picked early, showed a high 
degree of susceptibility to pitting when stored at 38°. The relationship of 
pitting to the temperatures preceding picking was not so marked as with the 
Oasis fruit, although the lowest temperatures occurred previous to the first 
three pickings when the fruit was least susceptible to pitting. 

Respiration 

It was found that the length of time during which the pressure remained 
negative differed considerably with fruit from the different groves ; e.g., this 
period of negative pressure developed by unstored fruit varied from 20 to 44 
hours with fruit from Oasis, 40 to 68 hours with fruit from Corona, and from 
17 to 82 hours with that from Woodlake. While the relationship of time of 
negative pressure to susceptibility to subsequent pitting holds roughly for 
fruit from an individual grove or group of trees, it does not hold when the 
behavior of fruit from one location is compared with that from another, 
perhaps many miles distant. 

Fruit which had been stored and subsequently removed and placed in the 
chambers showed a speeding up of the metabolic processes which brought 
about these changes in pressure. This acceleration was proportional to the 
lowering of the storage temperature and the length of time during which 
the fruit had been held at these temperatures. It was also found that the 
rate as measured by the duration of the negative pressure was more rapid 
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Pig. 4. The duration of the period of negative pressure developed by grapefruit in 
airtight chambers at room temperature subsequent to 6-weeks ? storage at the temperature 
indicated. 
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in fruit which had pitted severely than in fruit from the same lots which 
had been held at the same temperature for the same period of time but which 
had pitted less severely or not at all. Figure 4 shows the relationship be- 
tween the storage temperature and the hours of negative pressure developed 
by the fruit at room temperature. Each point on the graph represents the 
average of from 15 to 50 chambers. 

The effect of the length of storage on the rate of subsequent anaerobic 
respiration at room temperature as measured by the duration of the negative 
pressure is shown in figure 5. 



Pig. 5. The effect of length of storage period on the duration of the negative pres- 
sure developed. Storage at 38° F. 

The fruit was placed in storage at 38° F. immediately after picking, 
except for one portion which was taken to the laboratory for immediate test- 
ing. The remainder of the fruit was removed from storage after intervals 
as indicated in figure 5, brought to the laboratory, and placed in the cham- 
bers. The duration of the period of negative pressure began to be reduced 
immediately after the fruit was stored. After 2 days’ storage the period 
was reduced from 68 hours to 57 hours ; additional tests were made after 8 
days, and 2, 4, 6, and 12 weeks. The duration of the period of negative 
pressure varied inversely with the length of the storage period until pitting 
set in and the period of negative pressure had been reduced to a relatively 
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short time. After 4 weeks in storage the fruit had developed pitting to the 
extent of 18 per cent, severely pitted and 76 per cent, slightly pitted. All 
the fruit was severely pitted after 6 weeks in storage. 

PeCTIC SUBSTANCES 

Changes in pectic contents in the field during the harvest sea- 
son. — Soluble pectin . — The soluble pectin in the flavedo of the fruit from 
Oasis showed little change during the season. At the beginning of the season 
(October 29) there were 1.5 gm. of Ca pectate per 100 gm. of dry tissue ; this 
increased to 1.9 gm. in midseason (January 21) and fell to 1.7 gm. at the 
end of the season (April 14) . Soluble pectin in the albedo of the same fruit 
increased gradually throughout the season from 2.5 to 6.1 gm. This increase 
agrees with results obtained by Gaddum ( 4 ) on albedo of citrus fruit grown 
in Florida. 

Soluble pectin in the flavedo of grapefruit grown at Corona increased 
from 1.4 gm. per 100 gm. of dry tissue on March 10 to 2.7 gm. on October 6. 
In the albedo the soluble pectin fluctuated somewhat during the season; the 
increase was from 6.0 to 7.4 gm. 

In the flavedo of fruit from Woodlake the soluble pectin increased from 
1.1 gm. on December 4 to 2.4 gm. on May 20, and dropped to 2.0 gm. by July 
2. In the albedo of this fruit the soluble pectin increased throughout the 
season from 2.1 gm. on December 4 to 5.2 gm. on July 2. 

In all instances the trend was for soluble pectin to increase during the 
season, though sometimes the increase was slight, especially in the flavedo. 
The albedo contained far more soluble pectin than the flavedo, the average 
of all field samples from Oasis being 4.2 and 1.7 gm. ; from Corona 6.0 and 
1.5 gm. ; and from Woodlake 3.7 and 1.6 gm., respectively. There was no 
relationship between the soluble pectin content and the susceptibility of the 
grapefruit to pitting at any temperature. 

Protopectin . — The protopectin content of the flavedo of fruit from Oasis 
varied somewhat, with the minimum occurring at the time of the third collec- 
tion and the maxima at the beginning and the end of the picking season. In 
the albedo the minimum was also in the third collection and the maximum 
was in the first. 

The protopectin in the flavedo of the fruit from Corona increased as the 
season progressed, with the minimum at the time of the second picking and 
the maximum at the end of the picking season. In the albedo the minimum 
occurred at the time of the third picking. 

The protopectin in the flavedo of the fruit from Woodlake decreased 
throughout the season, falling from 13.8 gm. at the time of the first picking 
to 9.0 gm. at the end of the season. There was more fluctuation in the 
protopectin of the albedo, but there was no seasonal trend. 
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There was no trend in the changes in protopectin, which was true for both 
parts of the rind and for fruit collected from all locations. There was, how- 
ever, a tendency for the minimum to occur at about midseason, especially 
in the albedo. This variability is not surprising in view of the variations 
in the climatic environment of the fruit from the different districts. It has 
already been shown that the climatic environment of citrus during its growth 
and immediately preceding its harvest has marked effects on the response of 
the fruit to treatments given after harvest. There appears to be a relation- 
ship between the protopectin of the rind, especially of the albedo, at the time 
of picking and the subsequent behavior of the fruit in storage, but the rela- 
tionship between the total pectic content and the storage response is more 
apparent and will be discussed under that heading. The protopectin of the 
flavedo and albedo were practically equal. The average values for all the 
field collections were: Oasis, flavedo 12.2 gm., albedo 12.1 gm. ; Corona, 
flavedo 12 gm., albedo 10.5 gm. ; Woodlake, flavedo 11.6 gm., albedo 11.4 gm. 

Total pectic substances . — The amount of total pectic substances in the 
flavedo of grapefruit from Oasis was lowest during midseason but the varia- 
tion during the season was slight, ranging from 13.2 to 14.2 gm. There were 
considerably less total pectic substances present in the albedo during mid- 
season than either before or after, the range in this tissue being from 14.4 
to 17.7 gm. Figure 2 shows the amount at each picking and the relation to 
the mean temperature for the last 5 days before picking, respirational 
behavior, naringin content, and susceptibility to pitting. 

The amount of total pectic substances of the flavedo of grapefruit from 
Corona increased from the second to the last collection, with the contents 
varying from 11.3 to 16.8 gm. There was more fluctuation in the total pectic 
substances in the albedo, where the minimum occurred in midseason and the 
maximum at the end of the season. The amount of total pectic substances 
in this tissue ranged from 14.5 to 18.9 gm. These fluctuations were appar- 
ently in response to environmental changes, as they coincided with the re- 
sponse of the fruit to storage conditions and to the respiratory behavior in 
tight chambers. These results are shown in figure 3. 

The total pectic substances in the flavedo of fruit from Woodlake decreased 
during the season from 14.9 to 11.0 gm. In the albedo, however, the first 
two pickings gave the lowest yields of pectic substances and the last four the 
highest. The values ranged from 12.3 to 16.6 gm. The total pectic sub- 
stances in the grapefruit from Woodlake did not correspond so well with the 
subsequent behavior of the fruit as did that from Oasis and Corona but it 
did agree in that in the albedo the lowest total pectic content and the least 
susceptibility to storage pitting occurred simultaneously, as did the highest 
pectic content and greatest susceptibility to pitting. 

The nature of the relationship between the total pectic content of the 
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albedo and susceptibility to storage pitting is not known. At any rate, the 
response of the fruit on the trees to the environmental conditions were such 
that conditions which brought about a reduction in the total pectic substances 
in the albedo also brought about such changes as would reduce the suscep- 
tibility of the fruit to pitting at low temperatures. These results indicate 
that the condition and composition of the albedo at the time of picking are 
important in determining whether or not the fruit is likely to develop pitting 
if held at low temperatures. 

The amount of total pectic substances in the flavedo held a similar rela- 
tionship to subsequent pitting but the yield was less variable, hence the dif- 
ferences failed to show so distinctly. The flavedo of the fruit from Wood- 
lake did not give results agreeing with the others as the pectic content 
decreased during the entire season. 

The pitting resulting after 6 weeks storage at 46° F. also agreed with the 
results mentioned above, but the severity of the pitting was reduced at this 
temperature. 

A comparison of the total pectic contents of the flavedo and albedo shows 
the albedo to be consistently but not greatly higher. Average values for all 
field collections from the various districts are : Oasis, flavedo 18.8 gm., albedo 
16.3 gm. ; Corona, flavedo 13.7 gm., albedo 16.7 gm. ; Woodlake, flavedo 13.2 
gm., albedo 15.1 gm. 

Changes in the pectic contents of stored fruit. — The relationship in 
the proportion of soluble pectin to protopectin did not change materially in 
grapefruit stored 6 weeks at the temperatures mentioned. A surprising 
result, however, was the frequent apparent increase in total pectins at the 
end of these storage periods. Table III shows the average pectic content 
of the flavedo and albedo for a total of ten storage lots for each temperature 

TABLE III 

Total pectic substances in the rind op the stem end op Marsh grapefruit before 

STORAGE AND AFTER STORAGE FOR 6 WEEKS, EXPRESSED AS GRAMS 
Ca PECTATE PER 100 GM. DRY TISSUE 



No STORAGE 

Storage 

68° F * 

56° F. 

46° F. 

38° F. 


gm. 

gm. | 

gm. 

gm. 

gm. 

Flavedo 

13.7 

15.5 ; 

13.9 

14.2 

14.7 

Albedo 

16.5 

18.3 

18.1 

17.6 

17.4 


* Figures in this column are for the fruit from Corona only, and represent the average 
of 5 pickings ; all other values are for the fruit from Corona and Oasis, and represent a 
total of 10 pickings. 
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given and a corresponding number of fruit sampled immediately after 
collection. 

In every instance the value for the stored lot was higher than that for 
the corresponding unstored lot. Also, there was a tendency for the value 
to be highest for the fruit stored at the highest temperature. Buston (3) 
indicates that high water content favors pectin production in growing tissue. 
No such condition is indicated in this instance, as the water content of these 
lots of fruit show very little variation, being 78.5 per cent, for both the 
flavedo and albedo of the field collections and 78.4, 78.3, and 77.7 per cent, 
in the flavedo and 78.9, 79.2, and 79.0 per cent, in the albedo of the fruit 
stored at the temperatures of 56°, 46°, and 38° F., respectively. Further- 
more, this was not growing tissue. According to Onslow (8), however, the 
production of protopectin is brought about in steps by the inversion and 
oxidation of glucose and the entire system is in a state of flux. The reactions 
within the system are probably controlled by the “ level of oxidative activ- 
ity” of the cells (1). Consequently the direction and magnitude of the reac- 
tions are dependent on the factors that control this level. The apparent 
increase in total pectic content was brought about principally by increases 
in the protopectin fraction; out of 70 samplings there was an increase in 
soluble pectin in 41 instances, or 59 per cent, of the lots. In the same num- 
ber of lots protopectin increased in 54 instances, or 77 per cent, of the lots, 
and total pectic substances increased in 73 per cent, of the lots. All previous 
reports of pectic changes of stored fruit have shown decreases. No doubt 
this would have occurred in grapefruit provided the fruit had been held long 
enough. Figures presented by Branfoot (Carre) (2) show that in apples 
the fruit was stored 17 weeks before the total pectic content began to de- 
crease. No such long storage periods have been attempted in the present 
studies on pectic substances in grapefruit. Branfoot (2), however, found 
that pectose began to decrease and the soluble pectin to increase immediately 
after the fruit had been placed in storage, but this behavior has not been 
noted for grapefruit rind. 

While all the pectin analyses are reported on the basis of dry weight, the 
same situation existed when the pectic contents were expressed on the basis 
of fresh weight. 

Naringin 

The behavior of naringin in mature or nearly mature grapefruit which 
remains attached to the tree does not follow a definite seasonal trend. In 
the fruit from Oasis the naringin content of the stem-end albedo 2 followed 
roughly the mean temperatures for the 5-day period preceding picking, with 

2 Naringin was not determined in the flavedo because the pigments in that tissue 
interfered with measurements by the colorimetric method used. 
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the minimum at midseason. However, the naringin minimum occurred at 
the second picking while the minimum temperature occurred at the time of 
the third picking (fig. 2). A similar temperature relationship was reported 
previously for the season of 1933-34 (6). 

The naringin content of the albedo of fruit from Corona similarly fol- 
lowed roughly the changes in the mean temperature before picking. In this 
instance there was an increase until the end of the season (fig. 3). This 
seasonal trend is opposite to that recorded previously for fruit of another 
season from the same grove, but the temperature relationship is the same 
as was obtained during that season. 

It will be noted in figures 2 and 3 that there is a relationship between the 
naringin content and the susceptibility to storage pitting. It does not follow 
that the presence of naringin influenced the fruit in its susceptibility to 
pitting but merely indicates, as was stated in the discussion of pectins, that 
changes take place in the composition of the fruit while it is still attached 
to the tree, and that these changes influence the susceptibility of the fruit 
to storage pitting. 

The naringin content of the albedo of grapefruit from Woodlake was 
lowest at the time of the first picking (December 4), increased to a maximum 
at the time of the fourth (April 8), and subsequently decreased until the 
end of the season (July 2). The naringin content of the albedo of Wood- 
lake fruit did not vary according to the temperatures preceding picking, 
neither did its variations coincide with those in pectic content. 

In an earlier paper the fact was mentioned that the change in naringin 
content of stored grapefruit was controlled by factors that were poorly 
understood and that it might increase or decrease depending upon the con- 
dition of the fruit as well as on the conditions of storage. Present work 
corroborates this point of view. It also indicates a preponderant tendency 
for the naringin content to increase in storage through a w T ide range of 
storage temperatures with a tendency for a greater increase in fruit held at 


TABLE IV 

Naringin content of stem -end albedo of fresh and stored grapefruit from Oasis, 
Corona, and Woodlake, California 


Location 

No 

storage 

Storage 

68° F. 

56° F. 

46° F. 

38° F. 


% 

% 

% 

% 

% 

Oasis (dry weight basis) 

10.25 


12.17 

11.85 

11.26 

Oasis (fresh weight basis) 

2.36 


2.71 

2.60 

2.52 

Corona (dry weight basis) 

10.44 

12.10 

11.88 

11.40 

11.19 

Corona (fresh weight basis) 

2.05 

2.31 

2.34 

2.24 

2.22 

Woodlake (dry weight basis) 

8.03 


9.60 

8.94 

8.74 

Woodlake (fresh weight basis) 

1.64 


1.90 

1.76 

1.70 
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the higher temperatures. The average values for fruit stored 6 weeks at the 
various temperatures are given in table IV. 

The differences are not great, especially when expressed on. the fresh 
weight basis, but the same is true whether the percentages are expressed on 
the fresh or the dry weight basis. 

The results reported in this paper give support to the suggestion made 
in the earlier report that naringin might be an indirect product of respira- 
tion, as both in the field and in storage there was a tendency for the naringin 
content to be higher following exposure to higher temperatures. 

Summary 

1. Results are presented on the effect of season and storage temperature 
on the pitting developed by Marsh grapefruit and on certain chemical 
changes taking place in the rind of the fruit. Fruit for the study was grown 
in three widely separated citrus districts in California: (1) Oasis, in the 
Coachella Valley in the interior portion of southern California; (2) Corona, 
in the western portion of southern California; and (3) Woodlake, in the 
San Joaquin Valley. 

The storage temperatures used were 38°, 46°, and 56° F. Pitting was 
always most severe in fruit stored at 38° and least in that stored at 56° F. 

Fruit from Oasis pitted most severely at the beginning and the end of the 
harvest season, the severity varying directly with the mean temperature for 
the five days preceding picking. 

Fruit from Corona pitted with varying degrees of intensity during the 
season, but the pitting held approximately the same relationship to the mean 
temperatures before picking as that from Oasis. 

Fruit from Woodlake was highly resistant to pitting early in the season 
and became progressively more susceptible as the season advanced. There 
was some relationship between susceptibility to pitting and the mean tem- 
peratures preceding picking but not as marked as with fruit from Oasis and 
Corona. 

2. Respiration of the fruit in sealed chambers was measured by the dura- 
tion of the period of negative pressure. There was a direct relation between 
the length of this period and the susceptibility of the fruit to pitting. This 
relation was found to obtain in comparing fruit picked from a given group 
of trees in a grove, but not in comparing fruit from groves in widely 
separated regions. 

The duration of the period of negative pressure developed by stored fruit 
varied according to the temperature and duration of the storage, both low 
temperatures and long storage periods tending to shorten the period of nega- 
tive pressure. Pitted fruit had a shorter period of negative pressure than 
unpitted fruit from the same lot. 
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3. Soluble pectin in the albedo increased during the season. 

Changes in protopectin did not follow a seasonal trend but there was a 
tendency for the minimum to occur at midseason. The changes were 
apparently influenced by the climatic environment. 

Total pectic substances were lowest at midseason in fruit from Oasis and 
Corona and early in the season in the albedo of fruit from Woodlake. The 
variations in the albedo were such as to coincide with susceptibility to storage 
pitting, low pectic substances occurring at the time of low susceptibility, but 
no causal relationship is postulated. 

The total pectic content of the albedo is somewhat higher than that of 
the flavedo. 

Storage of grapefruit for 6 weeks did not change the quantitative 
relationship between the soluble pectin and protopectin. 

There was an apparent slight increase of pectic substances in both the 
flavedo and the albedo of stored grapefruit. 

4. Naringin in the albedo of grapefruit from the field varied in much 
the same way as the total pectic substances. 

In storage naringin usually increased, and the increase was greatest at 
the higher temperatures. 

United States Department of Agriculture 
Pomona, California 
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AUXIN PRODUCTION IN SEEDLINGS OF DWARF MAIZE 1 

J. VAN OVERBEEK 

(with eight figures) 

Introduction 

Dwarf races of corn are mainly characterized by the length of stem which 
is, at vegetative maturity, less than 50 per cent, of the length of the normal 
sibs. It is known that the growth in length of stems, and more especially 
the elongation of the cells, is regulated by auxin (11). In an earlier paper 
on dwarfism (8) I stated that nana corn, one of the genetic types of dwarfs, 
shows its dwarfism even in the seedling stage by its reduced growth of the 
mesocotyl. It was shown that this reduced growth was attributable to in- 
hibited elongation rather than to a reduced number of cells. Recently Abbe 
(1) showed that in mature plants of mm and dwarf -1 the number of inter- 
nodes is the same as in their normal sibs. It is the shorter length of the 
cells in the ground parenchyma, as well as in the vascular tissue, w T hich 
accounts for the short stems of the dwarfs. It was demonstrated (8) that 
5 days after they were sown in sand in a physiological darkroom, nana plants 
produce less auxin than do normal ones. It was also shown that the sensi- 
tivity to auxin (measured as auxin curvatures) is less in the nana eoleoptiles 
than in the normal ones. Both differences were attributed to the greater 
destruction of auxin in the nana plants, which was found to be especially 
high in the mesocotyls. The destruction was thought to be caused by the 
action of peroxidases, which were found to be much more active in the apical 
part of the mesocotyl of nana plants than of normal corn. 

In 1936 a few studies on other plants appeared in which an attempt was 
made to link dwarfism with auxin. Hinderer (6) showed that hybrids of 
Epilobium have an auxin production which is smaller the more dwarfed 
the hybrid is. De Haan and Gorter (4) studied a tall and a shorter variety 
of Pisum and concluded that the destruction of auxin is the determining 
factor for the growth of the pea stem, thereby reaching the same conclusion 
as I had reached for the nana dwarf in corn. (8) . 

The purpose of the present investigation was to study the auxin produc- 
tion in several of the known genetic dwarf races of corn. In order to have 
comparable controls, seeds were used which segregated either 50 or 25 per 
cent, dwarfs. The dwarfs of the types here described were easily distin- 
guished from normal control plants 4 days after they had been sown in the 
darkroom. The seeds were sown and the plants were grown in pure sand 
(without nutrient solution). The experiments were carried out in the same 
darkroom where the plants were grown. The temperature was 24° C. and 
i Second communication on the physiological basis of dwarfism. 
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the humidity 90 per cent. The plants were occasionally exposed to the 
orange light of the darkroom lamps. 

Experimentation 

Factors affecting the amount of auxin given off by coleoptile tips 
The production of auxin was determined by the diffusion method. The 
tips of the coleoptiles were cut off and placed on agar blocks. The auxin 
produced in the tips was given off into the agar. The auxin content of the 
agar was then determined by means of the standard Avena test (3, 10, 11). 
The yield of auxin obtained in this way is dependent upon the following 
conditions. 

(a) Kidding cut surface of destructive enzymes. — It was found that 
the yield of auxin could be markedly increased by standing the tips on wet 
filter paper before putting them on the agar blocks. Coleoptile tips were 
placed on wet filter paper for 0, 1, and 1J hours before they were put on 

TABLE I 

Amount of auxin (in degrees of curvature) diffused from coleoptile tips into agar 
blocks. After the tips were cut they were placed on wet filter paper 
BEFORE BEING PUT ON THE AGAR BLOCKS. NORMAL CORN. 60529 


Time on wet 

FILTER PAPER 

Age of corn seedling in days 

4 

6 

7 

hr. 




0 

4,8* 

6.8 

3.4 

1 

5.0 

8.3 

9.7 

1 

7.4 

12.0 

8.7 

n 

7.5 

12.3 

9.0 


* Averages of 12 plants, tips, etc. Tbe same holds for the other tables and graphs 
unless the contrary is stated. 


agar blocks (table I). It is clear that the yield increased with the time 
the cut surface was “washed.” The maximum effect is reached by standing 
for 1 hour on wet filter paper. The effect of standing on wet filter paper is 
readily explained by assuming that by this treatment the cut surface is 
cleared from enzymes having a destructive action on auxin. It was shown 
(9) that a cut surface, after it had been in contact with wet filter paper for 
some time, had a much lower peroxidase activity than a freshly cut surface. 
In most experiments described in this paper the coleoptiles were put for 1 
hour on wet filter paper before they were placed on the agar blocks. 

(b) Duration of auxin production.— Isolated coleoptile tips are able 
to give off auxin at the same rate for at least several hours. Table II shows 
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TABLE II 

Amount of auxin (in degrees of curvature) given off by 5-mi. tips of 5-day-old 

COLEOPTILES. THE TIPS WERE PLACED ON FRESH AGAR BLOCKS 
EVERY 45 MINUTES. 60309 


Variety of corn 


Successive periods of 45 minutes 



I i 

2 

3 

4 

1 5 

6 

Normal 

[ 15.5 

| 17.0 

i 

16.0 

18.0 

I 

16.0 

' ] 

13.1 

Nana 

| 9.0 

1 

| 9.2 

| 10.6 

j 7.6 

1 8 * 7 

8.7 


the results of an experiment with tips of 5-day-old nana and normal plants. 
The tips were placed on fresh agar blocks each 45 minutes for 5 successive 
times. The amounts of auxin diffusing into the blocks were practically con- 
stant during the time of the experiment. 

(c) Length of the tip. — The length of the tip does not greatly affect 
the amount of auxin given off. The 5-mm. tips used in the experiment re- 
corded in table II continued to give off auxin at the same rate for 4J hours. 
In table III results of two experiments with tips 1 and 2 mm. long are pre- 
sented. These short tips, too, continued to give off auxin for 4|- to 6 hours 
at practically the same rate. These experiments show that the production 
of auxin by the extreme tip, when isolated, may continue for a considerable 
time. 

TABLE III 

Amount of auxin (in degrees of curvature) given off by coleoptile tips of about 
5-day-old seedlings during successive periods OF l-£ HOUR 


Variety 

OF CORN 

Length 

OF TIP 

Experi- 
ment , 

NUMBER 

Successive periods of l-J hr. 

1 

2 

3 

4 

Normal 

2 mm. 

41024 

18.6 

17,1 

19.0 


Nana 

2 mm. 


11.0 

13.5 

15.9 


Normal 

1 mm. 

41025 

15.0 

6.0 

11.0 

12.0 

Nana 

1mm. 


8.0 

7.0 

6.0 

7.0 


(d) Age of the seedling. — The age of the seedling is an important 
factor in determining the amount of auxin given off by the coleoptile tips. 
In figure 1 the age of the seedling (days after the seeds were planted in the 
sand) is plotted against the production of auxin. The length of the tips 
was 5 mm., a length which was maintained for most of the tips used in ex- 
periments described in this paper. The tips were placed for 1 hour on the 
agar blocks. The amount of auxin given off is expressed in degrees of cur- 
vature obtained in the standard Avena test. A control test with blocks con- 
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Fig. 1 . The relation between the auxin production of the coleoptile tip and the age 
of the seedling in a normal corn strain (60316). At the stage of optimal production an 
amount of 2 x 10~ 10 gram of auxin per hour per tip is given off. 

taining a known concentration of indole-acetic acid showed that a curvature 
of 8.9° was obtained if the concentration in the agar blocks w r as equivalent 
to 64.5 gamma per liter. The blocks on which the corn tips had been stand- 
ing contained auxin-a or auxin-b, which are according to Kogl and Koster- 
mans (7), twice as active by weight as indole-acetic acid. Hence, the con- 
centration of auxin-a or auxin-b in the block on which one tip of a 4-day-old 
coleoptile (figure 1) had been standing for one hour was about 34 gamma per 
liter. Since the agar block on which one tip was standing had a volume of 
4 mm. 3 , the total amount of auxin-a or auxin-b given off per hour by one 
tip of a 4-day-old normal corn seedling was 1.36 x 10~ 4 gamma (1.36 x 10~ 10 
gm.). In corn seedlings the primary leaf will break through the coleoptile 
on about the fifth day. This means that the auxin production is still large 
and has not even reached its optimum when the leaf breaks through. 

The auxin production op nana seedlings 

The nana character is inherited as a simple, recessive Mendelian char- 
acter. The gene is located in the third chromosome. The gene locations are 
quoted after Emerson, Beadle, and Fraser (5). 

(a) The auxin content of the seed. — Large amounts of auxin can be 
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extracted from corn seeds. The question arose whether seeds producing 
nana plants differ in auxin content from seeds producing normal ones. This 
was worked out in the following way. Seeds were obtained by back-cross- 
ing pure nana dwarfs wdth an Fi plant. Such seeds will segregate 50 per 
cent, nana plants and 50 per cent, normal ones. The individual grains 
were ground in a mortar (average weight of 1 seed was 0.125 gm.). The 
pulverized seed was extracted with 5 cc. of distilled water for about 15 
hours at 2 to 3° C. An agar block was soaked in the extract. The agar 
block was analyzed by means of the standard Avena test. The results of 
these determinations are plotted in figure 2. The auxin content of the seeds 



Fig. 2. Frequency curve of the auxin content of individual corn grains of a mixture 
consisting of 50 per cent, nana seeds and 50 per cent, of normal seeds (60114). 

was plotted on the abscissa and the number of seeds having a certain auxin 
content is plotted on the ordinate. The resulting curve is a frequency curve 
having one single peak, indicating that the nana seeds do not differ from 
the normal ones in regard to auxin content. A control test with other seeds 
of the same sample showed that 50 per cent, of the germinated seeds devel- 
oped into dwarfs and the remaining ones into normal corn plants, as could 
be expected. 

(b) Production and growth curves. — The production of auxin of the 
dwarfs has been determined in seedlings from 4 to 7 days old. The lower 
limit was set because it was practically impossible to distinguish dwarfs 
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from normal plants at a stage earlier than 4 days after the seeds had been 
planted. The higher limit of 7 days was chosen because it was shown (fig- 
ure 1) that the production after this day decreases rapidly. Figure 3a 



and the age of the seedling in series segregating nana dwarfs. Ordinate: amount of 
auxin given off by 12 tips, of 5 mm. length, per hour. The amount is expressed in degrees 
of curvatures in the Avena test. Abscissa: age of the seedlings counted from the moment 
the seeds were planted in sand. Averages of 48 plants (60316, 60502, 60514, 60515). 

Pig. 3b. Right. The length of Nana plants as compared with normal ones at various 
stages of development. The dotted lines indicate the position of the coleoptilar nodes, 
which separate the coleoptile and the mesocotyl. 

shows that the production of auxin by nana dwarfs is considerably lower 
than that of the normal sib when the plants are 4 or 5 days old. In older 
plants, however, the auxin production is practically the same for nana and 
normal plants. The length of the dwarfs and that of the normal plants at 
the various stages of development are given in figure 3b. It is especially 
the mesocotyl which grows much more slowly in the nana plants than in the 
normal ones. The fact that the production of auxin in the coleoptile tip 
of 6- and 7-day-old nana plants is the same as that in normal ones does not 
necessarily mean that the growing zones receive equal amounts of auxin. 

TABLE IV 

Amounts of auxin given off at three different levels of corn seedlings. Plants 6 
DAYS OLD. Cut surfaces washed in water for hours prior to 
diffusion test. 60319 


Cut surface 5 mm. below coleoptile tip ...... Normal 49.0° 

Nana 46.6° (5% less than normal) 
Cut surface 2 mm. above coleoptilar node Normal 22.3° 

Nana 17.5° (22% less than normal) 

Cut surface 2 mm. below the node Normal 11.6° 

Nana 1.5° (87% less than normal) 
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This is shown by the following experiments. Six-clay-old plants were di- 
vided into three groups. From the plants of the first group (see table IV) 
5-mm. coleoptile tips were cut, and the amount of auxin given off by them 
was determined. It was found that the nana plants of this set produced 
about 5 per cent, less auxin than the normal controls. In the next set the 
plants were cut off 2 mm. above the node, and by placing agar blocks against 
the cut surface it could be determined how much auxin, approximately, would 
reach the basal region of the coleoptile. It was found that in this region 
the nana plants received 22 per cent, less auxin than the normal ones. 
The plants of the third set were cut off 2 mm. below the coleoptilar node, 
and the amount of auxin diffusing out of the cut surface was collected in 
agar. It was found that in the region below the coleoptilar node, which is 
the growing region of the mesocotyl, 87 per cent, less auxin was present in 
the dwarfs than in the normal plants. The way the auxin travels from the 
coleoptile tip to the mesocotyl is for 6-day-old plants shorter for the dwarfs 
than for the normal plants as follows from figure 3b. Hence, this can not 
account for the greater disappearance of auxin in the nana plants. In a 
previous paper on nana dwarfs it was concluded that the greater destruc- 
tion in nana plants was responsible for their reduced growth. This destruc- 
tion was determined again for the 6-day-old plants. Sections were cut from 
the basal part of the coleoptiles in such a way that the basal cut surface was 
just at the coleoptilar node. Such sections were placed for 3 hours on wet 
filter paper in order to free them of the auxin they might contain. After 
that period of time they were placed with their basal cut-surface on agar 
blocks containing 16.9 0 -indole-acetic acid. After If hours the sections 
were removed and the amount of auxin remaining in the blocks determined. 
It was shown that 37 per cent, of the auxin was destroyed by the sections 
of normal corn plants, whereas 92 per cent, was destroyed by the sections 
of the dwarfs (table V). These facts support the conclusion previously 

TABLE Y 

Destruction of auxin by 6-day-old nana and normal corn plants. Sections 5 mm. 

LONG WERE CUT OUT OF THE BASAL PART OF THE COLEOPTILE. THE LOWER CUT WAS 
THROUGH THE COLEOPTILAR NODE. THE SECTIONS WERE PUT WITH THEIR 
MORPHOLOGICAL BASE ON WET FILTER PAPER FOR 3 HOURS FOL- 
LOWED BY If HOURS ON AGAR BLOCKS CONTAINING AUXIN. 

Averages of 48 to 24 plants. 60605 


Initial auxin concentration in the agar blocks 

Left by section of normal corn 

Left by sections of nana corn 


reached (7) that in the nana dwarfs the excessive destruction of auxin is 
responsible for their reduced growth. 


16.9° 

10.7° (destroyed 37%) 
1.4° (destroyed 92%) 
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Auxin production and growth op dwarf-1 

Figures 4a and 4b present a similar set of curves for dwarf-1 as the 
figures 3a and 3b for nana, The auxin production of dwarf -1 remains below 



Fig. 4a. Left. Relation between the amount of auxin given off by the coleoptile and 
the age of the seedling in series segregating dwarf-1. Ordinate and abscissa as in figure 
3a. Average values of 36 plants (60415, 60511, 60519). 

Fig. 4b. Right. The length of dwarf-1 as compared with normal plants at various 
stages of development. 


that of the normal plant at all stages of development. Dwarf -1 is a much 
more extreme dwarf than is nana , as well in mature as in seedling stage. 
Both the coleoptile and the mesocotyl are much shorter in the dwarf than in 
the normal control plants. The location of the di gene is in the third chro- 
mosome as in nana , but the genes are located at opposite ends of the chromo- 
some. 



Fig. 5a. Left. Relation between the amount of auxin given off by the coleoptile 
and the age of the seedling in series segregating dwarf-2. Ordinate and abscissa as in 
figure 3a. Average values of 36 plants (60408, 60430, 60521). 

Fig. 5b. Right. The length of dwarf-2 as compared with normal plants at various 
stages of development. 
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Auxin production and growth of dwarf-2 

Dwarf-2 is very similar in appearance to dwarf-1. The strain used in 
the experiments had a poor viability. The normal plants were very thin 
and they grew faster in the early stages of development than does the aver- 
age corn seedling. In the figures 5a and 5b it is shown that the auxin pro- 
duction of the dwarf is lower than that of the normal plant. The location 
of the d 2 gene is in the third chromosome. 

Auxin production and growth of dwarf-3 

Dwarf-3 is also an extreme dwarf like the dwarf-1 and dwarf-2 . The 
stock used was a vigorous one. This dwarf, too, had an auxin production 
lower than that of the normal sib at all stages of development. The curves 
shown in figures 6a and 6b are similar to those of dwarf -1. The gene is 
located in chromosome 9. 



Fig. 6a. Left. Relation between tlie amount of auxin given off by the eoleoptile 
and tlie age of the seedling in series segregating dwarf -3. Ordinate and abscissa as in 
figure 3a. Averages of 36 plants (60520, 60526, 60527). 

Fig. 6b. Right. The length of dwarf-3 as compared with normal plants at various 
stages of development. 

Auxin production and growth of dwarf-7 

At seedling stage dwarf-7 is very similar in appearance to dwarf-1 and 
the other extreme dwarfs. At vegetative maturity, however, this dwarf is 
much taller than the other dwarfs, including nana, and may reach more 
than half the length of the plants of the normal sib. Figures 7a and 7b are 
the growth and auxin production curves for dwarf -7, whose gene d 7 is located 
in chromosome 10. 

Auxin production and growth of pigmy 

The pigmy dwarf is one of quite different type than the ones discussed 
above. In the field it is characterized by its short and striated leaves rather 
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and the age of the seedling in series segregating dwarf-7. Ordinate and abscissa as in 
figure 3a. Average values of 36 plants (60429, 60522, 60525). 

Pig. 7b. Right. The length of dwarf-7 as compared with normal plants at various 
stages of development. 

than by its short internodes. In the seedling stage the coleoptile is extremely 
small, whereas the length of the mesoeotyl is of the type of nana. The small 
size of the leaves and the coleoptile may be correlated, since the coleoptile of 
grasses is considered to be a leaf (see 2). The auxin production of pigmy 
plants is lower than in the normal ones. The type of curve resembles rather 
that of nana than those of the extreme dwarfs (fig. 8 a and b) . The gene py 
is located in chromosome 6. 



Pig. 8a. Left. Relation between the amount of auxin given off by the coleoptile 
and the age of the seedling in series segregating pigmy dwarfs. Ordinate and abscissa 
as in figure 3a. Averages of 36 plants (60513, 60512, 60427). 

Pig. 8b. Right. The length of pigmy plants as compared with normal ones at 
various stages of development. 

Summary 

1. The amount of auxin given off by the coleoptile tips of etiolated maize 
seedlings was studied. Washing of the cut surface increases the amount of 
auxin diffusing out of these tips into agar blocks (table I). 
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2. The tips continue to give off auxin at approximately a constant rate 
for several hours after they are cut off (table II). 

3. Isolated tips as short as 1 mm. continued to give off auxin for more 
than six hours at only slightly reduced rate at the end of that period (table 
III). 

4. The production of auxin varies with the age of the seedlings. On "the 
fifth to the sixth day after sowing, the production is optimal (fig. 1). At 
this stage about 2 x 10“ 10 gram of auxin per tip per hour is given off. 

5. Seed producing nana dwarfs were found to contain the same amount 
of auxin as seed producing normal plants (fig. 2). 

6. When 4 and 5 days old, nana dwarfs produce less auxin than do nor- 
mal plants; when 6 and 7 days old, they produce equal amounts (fig. 3). 
The amount of auxin reaching the growing zones of the 6- and 7-day-old 
nana plants is much smaller, however, than in the normal plants (table IV). 
This is caused by the greater destruction of auxin in the nana dwarfs 
(table V). 

7. The production of auxin in dwarf-1 , dwarf -2, dwarf-3, dwarf-7, and 
the pigmy dwarf was found to be lower than that of their normal sibs (figs. 
4 to 8). 

William G. Kerckhoff Laboratories 
California Institute of Technology 
Pasadena, California 
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CORRELATION BETWEEN GROWTH OF EXCISED ROOT TIPS 
AND TYPES OF FOOD STORED IN THE SEED 

Gladys C. Galligar 
(with two figures) 

Introduction 

Tissue culture had its inception near the close of last century (2), and 
during the past thirty-five years the cultivation of animal tissues has pro- 
gressed markedly, while attempts to grow several types of plant tissue have 
met with varying degrees of success. The first reports on the growth of 
excised root tips were published by Robbins (7) and Kotte (4) about twelve 
years ago. The object of the present investigation was to determine whether 
any correlation exists between the type of stored food in a given seed and 
the behavior of its excised root tip in sterile nutrient solution. 

Materials and methods 

Root tips from representative seeds containing high percentages of oil, 
sugar, starch,. and protein, respectively, were selected to study their growth 
behavior when left undisturbed to grow to as great length as possible under 
the conditions imposed. Sunflower ( Helianthus annuus ), cotton ( Gossyp - 
ium barbadense), and castor bean ( Ricinus Zanzibar ensis) were chosen 
for high oil content; Gradus wrinkled pea ( Pisum sativum) and sweet corn 
{Zea mays) for high sugar content; Reid’s Yellow Dent corn {Zea mays) 
and Hopi Indian corn ( Zea mays) for starch; and Burpee’s Extra Early 
smooth pea ( Pisum sativum) and Manehu soybean ( Soja hispida) for high 
reserves of protein. 

The procedure to secure sterile root tips involved several steps and in 
the main followed that of Robbins (7, 8). The seeds were soaked for 4 
hours in a solution of zonite diluted 1 : 30. They were then transferred by 
means of steel forceps to petri dishes containing a thin layer of 0.75 per 
cent, sterile agar, where they were allowed to germinate. The ends of the 
forceps were passed through a Bunsen flame and cooled in sterile water each 
time before touching the seeds. When the roots had grown approximately 1 
inch, the tips were cut off in uniform lengths of 10 mm. by means of a steel 
scalpel, which was flamed and cooled before each operation. The excised 
root fragments were transferred with a sterilized wire loop to pyrex Erlen- 
meyer flasks of 125-ml. capacity carrying 50 ml. of sterile nutrient media. 
The flasks were kept in a laboratory with curtains drawn, where they received 
very weak diffuse light and where the temperature varied no more than 3° F. 
(68-71° F.) during the experiment. 

■ ■ ' ■ ' : ' 599 .' ' ' 
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The nutrient solution was a modification of Pfeifer’s formula to which 
was added dextrose and peptone. 1 Immediately after being made, the solu- 
tion was measured into the flasks, which were closed with cotton plugs and 
autoclaved at 15 lb. pressure for 20 minutes. 

Germination was 90 to 100 per cent. Reid’s Yellow Dent corn and the 
soybeans were secured from the Agriculture Experiment Station, University 
of Illinois. The Hopi corn was obtained from Indian traders in Arizona. 
All other seeds were ordered from the Burpee Seed Company. 

Prom each species or variety 40 root tips were grown, with the exception 
of castor bean and soybean, from which sterile root tips were difficult to 
obtain. Five to ten individuals were grown in successive replicates, to 
avoid possible errors in growing only one series of 40 each. The cultures 
were maintained so long as growth was apparent as evidenced by noticeable 
elongation ; some individuals, however, were left beyond this period with 
rather surprising results. 

Attempts were made to measure increments of elongation at 12- and 
24-hour intervals by means of a millimeter rule placed under the flask. The 
termination of the period of measuring was conditioned by the time required 
for the root tip to curve within the flask, which usually occurred on the 
tenth day with rapidly growing root tips. 

The experiments were performed in the physiological laboratories at the 
University of Illinois. 

Discussion of results 

In every ease except castor bean, table I shows that daily increments of 
length in individuals rise and decline sharply and irregularly with no evi- 
dence of a smooth sigmoid growth curve. This behavior may be caused by 
recovery from wound shock at the point of excision, or individual differ- 
ences, or repeated adjustment to an artificial medium. The root tips were 
removed from their normal source of nutriment for growth and development 
to an artificial medium, from which they absorbed, perhaps rather poorly at 
best, the foods used in their metabolism. There can be no certain prediction 
of the behavior of protoplasm when it is subjected to a given set of external 
conditions. There is always the internal adjustment to the external environ- 
ment, and this may be as variable as the number of individuals. Since the 
excised root tips used in this study behaved so differently and since no 
figures are available to demonstrate that a medium has been found with an 
optimal environmental complex perfectly adapted to the growth of isolated 
root tips of any variety or species, it is at present a great error to attach 
any practical significance to the results obtained. Until a medium is devel- 

i Ca(NO a )o 2.0 gm. KOI 0.25 gm. Dextrose 2.0 per cent. 

KH 2 P0 4 0.5 ct MgS0 4 0.5 “ Peptone 0.04 percent. 

KN0 3 0.5 “ PeCI 3 0.005 “ Distilled H 2 Q 6000 cc. 
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TABLE I 

Sample series of five individuals of each species showing daily increments of 

LENGTH IN MILLIMETERS FOR EACH INDIVIDUAL DURING THE MEASURABLE STAGE 


Indi- 

Daily increment in millimeters 

viduals 
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TABLE I ( Continued ) 


Indi- 

viduals 


Daily increment in millimeters 


Burpee ? s Extra Early Pea 
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oped in which the excised root tips respond similarly in their growth and 
development to their habits under natural conditions, it is hardly possible 
to work out any accurate usable knowledge in regard to their fundamental 
metabolism. Previous and present studies, however, are paving the way for 
subsequent work on this subject. 

For a 10-day period the average daily rate of elongation of corn sur- 
passed that of other root tips under observation (table II). Sweet corn and 
Hopi corn were approximately equal in their average daily growth and about 
three-fourths as rapid as dent corn. Next in order was cotton, rather closely 
followed by sunflower, both growing about one-half as rapidly as corn; 
G-radus pea exhibited a rate of about one-fourth, castor bean about one- 
fifth, and Burpee’s Extra Early pea about one-eleventh the rate of dent 
corn. Root tips from soybean made little growth within the 10-day period. 
The greatest growth on the first day was made by an individual root tip of 
dent corn which increased 13 mm., a gain of 130 per cent, over the original 
length. The greatest increment achieved by any root tip on any day within 
the 10-day period was 14 mm., also made by dent corn. It is difficult to give 
accurate data concerning the rapidity of elongation after the measurable 
stage was passed, but certainly in some cases a marked growth was observed. 

Dry weight determinations and final-length figures on the roots reveal 
some interesting contrasts to the daily rates of growth during the initial 
period (table II). Sunflower achieved an average length of 17.55 mm. in 
the 10-day period as compared to 23.6 mm. in cotton, but reached an average 
total length of 60.8 mm. as compared to 43 mm. in cotton, an approximate 
ratio of 3 :2. On the other hand, the ratio of dry weights of the two is 
approximately 10 : 1, showing that cotton is less able to adapt itself to the 
nutrient medium, and in the process of inanition drew on more of its own 
stored reserves than did sunflower under the same conditions. Castor bean 



Summary of data for 360 individual root tips cut off at original lengths of 10 mm. and grown as long as possible in the dark in modified 
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Sunflower ... 
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ceased activity and died too early for much of its own reserve to be drawn 
upon. It is quite obvious from the data at hand on castor bean, sunflower, 
and cotton that no correlation exists between oil reserves in seeds and subse- 
quent growth behavior of excised root tips from such seeds under the con- 
ditions imposed. 

Although dent corn manifested a much greater final elongation than any 
species used, the average dry weight was only slightly greater than that of 
sunflower. This indicates a greater ability on the part of the protoplasm of 
corn to prolong its activity in inanition by transfer of reserves in mature 
tissues to the actively growing meristem. It is possible, however, that the 
corn roots were unable to absorb as much nutriment from the medium as 
sunflower, and were thereby forced to draw more heavily upon their own 
reserves. Hopi corn and sweet corn also demonstrated an ability to main- 
tain themselves by transfer of nutriment from their own mature tissues. 

Gradus pea, Burpee's Extra Early pea, and soybean died before much 
of the stored reserves in the older portions of the root had been transferred 
to the growing tips. It is of interest to note that all of the root tips belong- 
ing to the family Leguminosae behaved poorly in comparison with the other 
root tips used. 

In the progress of development under the conditions stated each species 
and variety exhibited certain peculiarities of its own, which will be described 
briefly in the following paragraphs. 

Castor bean exhibited greatest increase in length on the first day, the 
rate gradually falling off until the fourth or fifth day, and showing no 
further increase in length except for an occasional millimeter or two on the 
sixth or seventh day. This species was the only one which exhibited any- 
thing like a fairly uniform growth rate. The root tips never developed lat- 
erals and never surpassed a total length of 25 mm., a gain of only 150 per 
cent over the original length. A grayish discoloration began on the third 
day, and covered the entire root by the time growth ceased. 

The root tips of cotton invariably began to darken within 3 to 5 days, 
and, after growth stopped, turned completely black. From the ninth day 
onward lateral roots made their appearance, but never grew more than 13 
mm. and never branched (fig. 1). 

Sunflower root tips exhibited some very interesting responses. Secondary 
roots practically always appeared on the fifth day. Often, however, instead 
of producing secondary roots, there developed a series of cone-like papillae, 
which were approximately 2 mm. in diameter at the base and projected 
about 1.5 mm. from the surface of the main root (fig. 1). These papillae 
remained papillae in many instances; in other instances secondary roots 
pushed through the tops of these cones within 3 to 27 days after the forma- 
tion of the papillae. Examination indicated that these elevations were 
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Pig. 1. Growth habits of several varieties and species of roots cut off when 10 mm. 
long and then allowed to grow without disturbance in Pf eff er ’s solution plus glucose and 
peptone. Left: four sunflower roots after four and one-half months ’ growth; the three 
short roots at upper left did not grow after the flrst month; note peculiar papillae and 
lateral roots developed from papillae. Upper center : a sunflower root that remained as 
the three in the upper left corner for 3 weeks; then produced lateral moniliform roots. 
Lower center: root of Hopi Indian corn, 4 months old and 430 mm. long. Upper right: 
cotton root tips five weeks old. 

formed by secondary roots pushing against the outer two or three layers of 
cortical cells and the epidermis of the main axis, which did not yield to the 
growing tip of the secondary root for days or weeks and sometimes not at all. 
In the instances where the secondaries eventually emerged, they were ex- 
ceedingly fine and threadlike and the papillae formed large collars around 
their bases. Occasionally the main axis of the root ceased elongation at 20 
to 27 mm. with no secondaries growing through the characteristic papillae. 
On some of these individuals after a lapse of as much as two and one-half 
weeks, in some instances, laterals developed within 2 mm. of the tip and 
grew to lengths of 3 to 5 times those of the main axes with several branches 
of their own. This illustrates excellently that when growth in length ceases, 
differentiation proceeds close to the tip of the root. Many such laterals 
were very fine and threadlike; others of greater diameter possessed alter- 
nating regions of swelling and constriction, giving the appearance of a 
strand of spindle-shaped beads (fig. 1). Such moniliform roots are not 
unlike the peculiar constrictions secured in root tips of wheat cut at 0.1 mm. 
and grown in hanging drops by White (9), who suggested that the constric- 
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tions were due to a “hyperhydric” change, a term first used by Kuster 
(5). Hottes (3) has produced this peculiar beaded effect by dipping the 
tip of a growing root into cold water at daily intervals. When moniliform 
roots occur under natural conditions, they usually may be explained by 
fluctuation of water supply or by physical constriction by such agents as 
wire, stones, etc. It is obvious that none of the above explanations fit the 
present ease. Since only sunflower root tips exhibited the phenomenon to 
any noticeable degree (figs. 1, 2), it appears to be a peculiar response of the 
protoplasmic activities of this species to the medium in which it was grown. 
Whenever a root of sunflower, as well as other roots, grew to such an extent 
that several of the growing points were pushed above the surface of the 
medium, root hairs formed in much greater abundance on the exposed 
parts, and were evident to within 1 mm. of the tip (fig. 1). It is common 
knowledge that ordinarily root hairs form less abundantly in water than in 
soil (1). The root tips of sunflower were translucent in the actively grow- 
ing stage and turned brown with age. 

Boot tips of dent corn manifested a variety of forms in their growth, 
which was probably due to genetic differences, since no attempt was made 
to secure pure lines. The greatest growth among all the root tips was found 
in corn. In cases of excessive elongation fairly short and mostly unbranched 
secondary roots were formed. One individual root tip within a period of 
four and one-half months attained the astounding length of 1570 mm. with 
more than a hundred laterals (fig. 2). When such roots approached the end 
of their ability to continue elongation, lateral roots ceased forming with the 
result that several centimeters of the distal end were bare of secondaries 
(fig. 2). Occasionally, near the time when elongation ceased, there was a 
distinct thickening in the last 1 or 2 cm. of the tip. In cases where lateral 
roots developed profusely, the main axis failed to exhibit any great amount 
of elongation, a phenomenon which Bobbins also observed. This behavior 
seems to support the view that the tip of the main axis, if vigorously grow- 
ing, exercises an inhibiting influence upon the growth of the lateral branches 
of the axis. In general, lateral roots first appeared in corn no earlier than 
the seventh day and as late as the sixteenth day, with a few individuals pro- 
ducing no laterals at all. Such roots were thickened more than those pos- 
sessing secondaries. Occasionally the cortex split away from the central 
cylinder near the proximal ends of the thickened roots, and also in a few 
of the roots with branches. Upon examination, the cortex of such roots was 
found to consist of huge cells elongated at right angles to the central cylin- 
der. The interpretation is that the cortical parenchyma, when stimulated 
to hypertrophy, burst the bounds of the limiting epidermis, and in the 
resultant expansion split away from the central axis. This elongation and 
abnormal increase in size in the cells of the cortex was also observed in the 
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Fig. 2. Root of Reid ? s Yellow Bent corn, cut off when 10 mm. long, after four months 
•of undisturbed growth in unchanged Pfeffer r a solution plus glucose and peptone. This 
root, before drying, was 157 0 mm. long and had 721 lateral roots. 


swollen tips of the roots. In a few individuals, each lateral root was no 
more than 15 mm. long with the tip of each distinctly swollen. The cause 
of this interesting phenomenon is unknown, but as soon as the tips began to 
swell there was no further growth in length. 

Hopi and sweet corn (fig. 1) behaved in a manner similar to that of 
dent corn with few exceptions. Neither attained lengths equal to those of 
dent corn; neither developed the characteristic swollen tips of dent corn; 
and the splitting of the cortex from the central cylinder was present to a 
lesser extent in both. 

The root tips of Gradus pea grew slowly. After 7 to 10 days a pink 
coloration developed. When laterals appeared, they were always short, 
never exceeding 3 mm., and greatly thickened. In many cases these roots 
presented a corrugated appearance on their surfaces with the corrugations 
at right angles to the long axis of the root, resembling the contractile roots 
described by Rimbach (6). Roth cortex and epidermis grew faster than 
the central cylinder with the resultant wrinkling of the surface. This dif- 
fers from the behavior of the dent corn roots, in which only the cortical cells 
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hypertrophied. There were some large cells in the cortex of the pea roots, 
but excessive cell division seemed also to have occurred. 

With a few exceptions Burpee's Extra Early pea behaved in a manner 
similar to that of Q-radus pea. They never elongated so much, were more 
slender, and developed secondary roots in only one instance. 

Boot tips of soybean after ceasing growth in the first week lay appar- 
ently inactive for 3 to 5 weeks, at which time a few hair-like secondaries 
appeared near the tip and in some instances grew 13 mm. 

The uniformly abundant growth from the three varieties of corn sug- 
gested a short investigation to determine whether excised root tips from 
other moncots behaved equally well under the same conditions. Ten root 
tips each of wheat and onion in two series of five each were left to grow 
as near to maturity as possible. Onion was quite similar to Gradus pea 
except that the roots were more slender and developed no pigmentation. 
Wheat grew no more than 35 cm. and produced few secondaries. This seems 
to indicate that phyletic origin has no connection with the growth behavior 
of excised root tips. 

Summary 

1. There was some correlation between growth behavior of excised root 
tips and the type of food stored in seeds. 

2. All root tips from seeds or grains high in starch reserves were able 
to grow well. 

3. The growth behavior of root tips from seeds selected for oil and sugar 
varied widely. 

4. Root tips from seeds with high protein reserves were least able to 
maintain growth. 

5. There were no diurnal rhythms of growth. 

6. There was no correlation between growth behavior and phyletic origin 
of root tips. 

7. Root tips from Reid's Yellow Dent corn, Hopi corn, sweet corn, and 
sunflower were able to maintain themselves in active growing condition for 
a longer time, and achieved a greater total elongation and final dry weight 
than those of any other species or variety studied. 

James Millikin University 
Decatur, Illinois 
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INTERMEDIATES OF VITAMIN B x AND THE GROWTH 

OF TOBULA 

William J. Bobbins and Frederick Kavanagh 
(with six figures) 

Ill previous papers (2, 3, 4) from this laboratory the effect of vitamin 
Bi or its intermediates on the growth of excised tomato roots and of Phy co- 
rny ces blakesleeanus Burgeff has been reported. Excised tomato roots (2, 3) 
required for unlimited growth either vitamin Bi or thiazole 1 in addition to 
mineral salts and cane sugar. Pyrimidine alone did not permit growth to 
occur. Phy corny ces blakesleeanus (4), on the other hand, did not grow (3) 
unless supplied with vitamin Bi or with both intermediates. We have been 
interested in determining whether there are organisms which require pyri- 
midine but not thiazole. Schopfer (5) has reported that Bhodotorula flava 
and Bhodotorula rubra are such organisms. We have examined eight 
species of Tonda and have found some which require an external supply 
of both intermediates for good growth under the conditions of our experi- 
ments, some which require pyrimidine but not thiazole and some which 
require neither. 

Experimentation 

A medium of the following composition was prepared : 


KH 2 P0 4 . 1.0 gm. 

MgS0 4 • 7H 2 0 .; 0.5 gm. 

NH 4 N0 3 0.05 gm. 

Asparagine 0.5 gm. 

Mineral supplements 0.1 cc. 2 

Dextrose (Cerelose) 50 gm. 

Redistillecl water 1000 cc. 


The hydrion concentration of this solution was adjusted to pH 5.5 by 
the addition of Na 2 HP0 4 . Twenty-five cc. of the above solution were 
placed in 125-cc. Erlenmeyer flasks of pyrex glass. The solutions were 
divided into four groups. No addition was made to those of group I. 

* Where thiazole is referred to in this paper the 4-methyl-5-|3-hydroxyethylthiazole is 
meant and where pyrimidine is mentioned we mean the 2-methyl-5-ethyoxymethyl-6- 
aminopyrimidine. These compounds were used by Williams and Cline (7) in synthe- 
sizing vitamin B x and are the intermediates in the formation of this vitamin. 

2 The mineral supplements were contained in a modification of Hoagland 's A to Z 
mixture prepared by adding to 18 liters of redistilled water : LiCl, 0.5 gm. ; CuS0 4 • 5 H a O, 
1.0 gm.; FeS0 4 , 1.0 gm.; H 3 B0 3 , 11.0 gm. ; A1 2 (S0 4 ) 3 - 18 H 2 0, 1.0 gm.; SnCl 2 - 2H 2 0, 
0.5 gm.; MnS0 4 * 4 H 3 0, 7.0 gm.; NiCL • 6 H 2 0, 1.0 gm. ; Co(N0 3 ) 2 , 1.0 gm. ; TiOS0 4 , 1.8 
gm.; KI, 0.5 gm.; NaBr, 0.5 gm. 
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To each flask of group II we added 30 units 3 (4.3 y) of 4-methyl-5-(3-hy- 
droxyethylthiazole, to each flask of group III 30 units (5.0 y) of 2-methyl- 
5-ethyoxymethyl-6-aminopyrimidine, and to each flask of group IV , 30 units 
of the thiazole and 30 units of the pyrimidine. 

The flasks were sterilized at 12 lb. pressure for 20 minutes, and inocu- 
lated in triplicate with one drop of a suspension of Torula. 

The Torula suspension was prepared by adding a loopful of Torula to 
50 ee. of sterile distilled water. In removing the loopful of Torula care 
was taken to avoid including any of the wort agar on which the stock 
cultures were grown. The cultures were incubated at from 20° to 25° C. 

The following Torulae supplied through the courtesy of F. M. Clark, 
Department of Bacteriology, University of Illinois, were used: Torula 
hausen, #2500; T. sphaerica (Hammar), #2504; T. cremoris (Hammar), 
#2512; T. rosea, #2519; T. f erment ati, # 2539; T. kefyr, #2540; .T, san- 
guinea (Schimon), #2546; T. laurentii, #2547. The relative development 
of these eight organisms after ten days is shown in table I. 


TABLE I 

Growth or various species op Torula in a medium op mineral salts, asparagine and 

DEXTROSE WITH THE ADDITION OP THIAZOLE OR PYRIMIDINE AS INDICATED 


Organisms 

No 

ADDITION 

Thiazole 

ONLY 

Pyrimidine 

ONLY 

Thiazole and 
pyrimidine 

Torula hansen 

+ + 

+ + 

+ + 

+ + 

Torula sphaerica ... 

+ 

+ 

+ 

+ 

Torula cremoris 


- ' 

- 

- 

Torula rosea 

- 

- 

+ + + + 

+ + + + 

Torula fermentati 

+ 

+ 

+ 

+ + 

Torula Tcefyr 

- 

- 

- 

- 

Torula sanguinea 

- 

- 

+ + + + 

+ + + + 

Torula laurentii 

+ ■' 

+ 

+ 

+ + + + 


-“little or no growth. . + = light growth. 

+ + = medium growth. + + + = fairly heavy growth. 

+ + + + = very heavy growth. . 


The organisms did not respond alike. Two of them, Torula cremoris 
Hammar and T. kefyr, grew very little if at all in any of the solutions. 
Evidently none of the media used was suitable for the growth of these two 
species. 4 As a result no information on the significance of the thiazole or 

3 1 unit is 10-9 mole of the substance in question. 

4 A mineral nutrient solution containing asparagine and dextrose which was supple- 
mented with vitamin and nicotinic acid amide gave negative results with these two 
organisms. They grew satisfactorily on a medium of agar, mineral salts, asparagine, 
dextrose, vitamin B i3 and neopeptone. 
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of the pyrimidine in their development was secured. Two species, T. kansen 
and T. sphaerica Hammar, grew to the same extent in all four solutions as 
far as could be judged from the turbidity of the solutions. The growth of 
T. hansen was heavier than that of T. sphaerica , Either these two Torulae 
do not require thiazole or pyrimidine or they synthesize sufficient of these 
compounds from the constituents of the medium for maximum growth under 
the conditions used. On the basis of evidence presented later, we are 
inclined to believe the latter explanation to be the correct one. 

The growth of T. laurentii (fig. 1) and of T. fermentati was markedly 
improved by the addition of the mixture of thiazole and pyrimidine but 



Fig. 1. T. laurentii grown in 1, basic medium (mineral salts, asparagine, and dex- 
trose) ; 2, basic medium plus thiazole; 3, basic medium plus pyrimidine; 4, basic medium 
plus thiazole and pyrimidine. 

little affected by either alone. The effect was greater for T. laurentii than 
j for T. fermentati. These two species resemble Phycomyces blakesleeanus 

in requiring an external supply of both thiazole and pyrimidine, though 
the latter organism makes no growth in the absence of thiazole and pyri- 
midine while the two species of Toruld under discussion grew slightly in 
the solution which lacked both thiazole and pyrimidine. It is possible that 
the small amount of growth of these two Torulae in the solutions lacking 
thiazole and pyrimidine or containing one of the compounds alone was 
made at the expense of small amounts of vitamin B x or of its intermediates 
carried in or with the cells of the original inoculum. Subcultures of these 
organisms from the growth in the absence of the intermediates to a solution 
i of similar composition were not made. It would seem justifiable, how- 

ever, to describe T. laurentii and T. fermentati as organisms requiring an 
external supply of pyrimidine and thiazole for good growth in the medium 
; we have used. They may synthesize small amounts of the two intermediates, 

| but if so the quantity formed under the conditions of our experiments was 

: not sufficient for maximum growth. 

| T. rosea (fig. 2) and T. sanguinea grew very poorly in the solutions 

! which lacked thiazole and pyrimidine and in those to which thiazole alone 

; was added. They developed heavy growth in the solutions to which pyrim- 



Fig. 2. T. rosea grown in 1, basic medium (mineral salts, asparagine, and dex- 
trose); 2, plus thiazole; 3, plus pyrimidine; 4, plus thiazole and pyrimidine. 

idine was added and in the solutions to which thiazole and pyrimidine 
had been added. Two possible explanations for these results may be offered. 
T . rosea and T, sanguinea may not synthesize either thiazole or pyrimidine 
and require only pyrimidine for normal growth, or they require both and 
synthesize the thiazole only. We are inclined to believe that the latter 
explanation is correct. 

In order to substantiate in part the assumptions made on the ability 
of these various species of Torula to synthesize thiazole or pyrimidine, cul- 
tures of representatives of six species were sterilized at 12 lb. pressure 
for 10 minutes after 15 days’ growth in the media described above. The 
sterile solutions containing the Torula cells and products of their metabolism 

TABLE II 

Growth of Phycomyces Uakesleeanus in a medium of mineral salts, asparagine and 

DEXTROSE AND ADDITIONS GIVEN ABOVE IN WHICH VARIOUS SPECIES OF Torula HAD 

grown. Compare with table I. Figures given are the pH of 

THE SOLUTIONS WHEN INOCULATED WITH THE PliyCOmyceS 


Organisms 

No 

ADDITION 

Thiazole 

ONLY 

Pyrimidine 

only 

Thiazole and 
pyrimidine 

Torula hansen 

+ + + 

+ +. + 

+ + + 

+ + + 


3.6 

3.5 

3.5 

3.5 

Torula sphaerica 


+ ' 

- 

+ + + 

Torula fermentati ...... 

+ 

+ 

+ 

+ + + 

Torula laurentii 

; ' ; ' ... - 

- 

- 

+ 


3.6 



3.8 

Torula rosea 

- 


; +.+ 

+ + + 


4.3 

4.2 

3.8 

3.8 

Torula sanguinea 

- 

- 

+ + + 

+ + + 


CO 

3.7 

3.6 

3.9 


+ + + = Aerial mycelium 2. cm. high, sporangiophores and sporangia. 

+ + = Submersed mycelium with few scattered sporangiophores. 

+ = Submersed mycelium covering bottom of flask; no aerial hyphae. 
- = Little or no growth. 
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were inoculated with spores of Phycomyces blakesleeanus. This fungus 
requires both thiazole and pyrimidine for growth. Its development would 
therefore demonstrate the presence of both intermediates. Its failure to 
grow in a culture solution in which a species of Torula had grown might be 
the result of a deficiency of one or both of the intermediates or of the 
development of some harmful constituent in the solution. 

The relative growth of Phycomyces in these solutions in which a species 
of Torula had grown is given in table II. Some determinations of the 
hydrion concentrations of the solutions after the growth of the Torula and 
before inoculation with Phycomyces are also given in this table. 

Phycomyces blakesleeanus developed fairly well in all four of the solu- 
tions in which T. hansen had grown. Aerial mycelium about 2 cm. high 
with sporangiophores and sporangia formed in all the culture solutions 
(fig. 3). The growth of the Phycomyces was probably limited by the eon- 



Fig. 3. Thy corny ces blakesleeanus grown in solutions in which T. hansen had grown. 
From left to right: 1, basic medium; 2, plus thiazole; 3, plus pyrimidine; 4 ; plus thiazole 
and pyrimidine. 

centration of asparagine (0.05 per cent.) in the original medium. We 
may conclude that T . hansen synthesized both thiazole and pyrimidine (or 
vitamin Bi) from the constituents of the medium. From the growth of 
this Torula (see table I) in the four solutions we may conclude also that 
the amount of the thiazole and pyrimidine synthesized was adequate for 
maximum growth in the medium used. Otherwise some increase in growth 



Fig. 4. Phycomyces blakesleeanus grown in solutions in which T. fermentati had 
grown. From left to right: 1, basic medium; 2, plus thiazole; 3 ? plus pyrimidine; 4, plus 
thiazole and pyrimidine. 
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would have occurred in the cultures to which thiazole and pyrimidine were 
added. 

Phycomyces grew in all four of the solutions originally containing 
T. fermentati The growth was greater in the solutions to which both 
thiazole and pyrimidine had been added (fig. 4). We conclude that 
T. fermentati synthesized both pyrimidine and thiazole but in smaller 
amounts per flask than T , hansen did. The amount of thiazole and pyrim- 
idine synthesized was not sufficient for maximum growth of this Torula 
in the medium used (see table I) since the addition of the two intermediates 
improved its growth. 

Phycomyces grew very little in the medium with no supplement or with 
pyrimidine in which T. sphaerica had grown but formed some submersed 
mycelium in the solution supplemented with thiazole (fig. 5) . We conclude 



Pig. 5. Phycomyces hlakesleeanus grown in. solutions in which T. sphaerica had 
grown. Left to right: 1, basic medium; 2, plus thiazole; 3, plus pyrimidine; 4, plus 
thiazole and pyrimidine. 

that this Torula may have synthesized a small amount of pyrimidine but 
little or no thiazole. The failure of Phycomyces to develop more luxuriantly 
in these solutions would not appear to be the result of any injurious sub- 
stances formed by the Torula since the growth of the Phycomyces was as 
great in the mixture of pyrimidine and thiazole as it was in the solutions 
in which T. hansen had grown. These results are not entirely clear when 
compared with the relative growth of T. sphaerica (see table I). If pyrim- 



PiG. 6. Phycomyces UaTcesleeanns grown in solutions in which T. rosea had grown. 
Left to right: 1 , basic medium; 2, plus thiazole; 3, plus pyrimidine; 4, plus thiazole and 
pyrimidine. 
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idine and thiazole are required for growth by this Torula , we should have 
expected greater development of Phycomyces in the medium containing 
no supplements and in the medium with pyrimidine. 

Phycomyces made little or no growth in the solutions with no supple- 
ments and those with thiazole only in which T P rosea or T. sanguined had 
been inoculated (fig. 6) . The growth in the solutions containing pyrimidine 
was better. We conclude that these two Torulae synthesize little or no 
pyrimidine but form thiazole. The amount of thiazole per flask formed 
by the growth of T . sanguined was somewhat greater than that formed by 
T. rosea . The relative growth of the two organisms in these solutions 
(table I) would suggest that the amount of thiazole formed by these two 
Torulae was adequate for their maximum growth in the medium used. 

Phycomyces grew little or none in the solution with no addition, the 
thiazole solution, and the pyrimidine solution in which T. laurentii had 
grown. Its developument in the solution with both intermediates was 
poor. This suggests that this Torula had developed some material or 
materials which were injurious to Phycomyces . If this is correct our experi- 
ments would not permit us to draw conclusions on the formation of thiazole 
or pyrimidine by T. laurentii . 

Discussion 

These observations on the growth of eight Torulae in solutions lacking 
thiazole and pyrimidine and in solutions containing one or both of the inter- 
mediates, together with those on the subsequent growth of Phycomyces blakes- 
leeanus in the same solutions, lend support to the hypothesis that vitamin Bi 
is a fundamental growth factor. Some organisms make enough for adequate 
growth, others do not. Of those which do not, some synthesize neither the 
pyrimidine nor the thiazole in adequate quantities, others synthesize thiazole 
and some are capable of synthesizing pyrimidine. The result is that there 
are organisms which must be supplied with vitamin B x or both intermediates 
for satisfactory growth ( Phycomyces blakesleeanus, Torula laurentii , Torula 
fermentati) . There are organisms which must be supplied with pyrimidine 
or vitamin B x ( T . rosea, T. sanguined ) , and still others which must be sup- 
plied with thiazole or vitamin B x (tomato root). 

It is possible to assume that the thiazole and the pyrimidine function 
in the organism as such, and that when vitamin B x is an effective growth 
substance it is split into its intermediates which then play their role in 
metabolism. As an alternate hypothesis we may assume that the vitamin 
molecule as such is essential and that the pyrimidine and thiazole synthe- 
sized by the organism or furnished from without are used to form the 
vitamin B x molecule. Scitopfer favors the first of these possibilities. We 
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have presented evidence elsewhere supporting the second hypothesis. The 
demonstration that Torulae which grew in a solution lacking Bi or its 
intermediates synthesized both intermediates supports our assumption. It 
is supported also by the demonstration that a Torula which grew in a medium 
supplemented with pyrimidine only synthesized thiazole. 

Okunuki (1) noted the favorable action of red yeasts on the develop- 
ment of certain fungi. Wassink (6) observed good development of 
Phy corny ces blakesleeanus in a maltose medium which had become con- 
aminated with a red yeast. Without the contamination little or no growth 
of the fungus occurred in the medium. These results may probably be 
explained by the formation of vitamin Bi or of thiazole and pyrimidine 
by the yeasts concerned. 

Summary 

Eight species of Torula were grown in a medium of mineral salts, 
asparagine, and dextrose, and the same medium to which the thiazole alone, 
the pyrimidine alone, or both intermediates of vitamin Bi were added. 
Two species failed to grow in any of the four media; the growth of two was 
unaffected by the supplements ; two grew distinctly better when both inter- 
mediates were used as supplements but were unaffected by either inter- 
mediate alone ; the growth of two was much increased by the addition of 
pyrimidine or of pyrimidine and thiazole but unaffected by thiazole alone. 
By cultivating Phycomyces blakesleeanus in the solutions in which various 
species of Torula had grown it was demonstrated that a Torula which grew 
in the basic solution had synthesized thiazole and pyrimidine and one which 
grew in the solution supplemented with pyrimidine alone had synthesized 
thiazole. 

New York Botanical Garden 

AND 

University of Missouri 
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RELATIONSHIP OP THE ORGANIC ACIDS OF TOBACCO TO THE 
INORGANIC BASIC CONSTITUENTS 1 

George W. Pugher, Hubert Bradford Vickery, 
and Alfred J. Wakeman 

Introduction 

There is little doubt that one of the important functions of the organic 
acids commonly found in relatively substantial proportions in leaf tissues 
is to provide a means whereby the hydrogen-ion activity of the solution in 
the cells is maintained within the proper limits for the particular species. 
There is considerable literature on the buffer capacity of plant juices 
(3, 4, 5), and it is obvious that the combined effects of the partially neu- 
tralized organic acids, and of the phosphoric acid, as well as of the amino 
acids, and posssibly, to some extent, of the soluble proteins result in systems 
that are remarkably stable with respect to change in hydrogen-ion activity. 

Owing to the inadequacies of the methods available until recently, few 
reliable studies have been made of the detailed organic acid composition of 
leaves, and for determinations of total acidity many investigators have de- 
pended entirely upon titration of water extracts of the tissues. Such data 
furnish a measure merely of that part of the water-soluble acids that remains 
unneutralized at the reaction of the cells and give little indication of the 
total quantity present either as soluble or insoluble salts. In order to ascer- 
tain the true organic acidity it is necessary to liberate the acids from com- 
bination and isolate them as a group ; the total quantity present can then be 
determined by titration between properly selected pH limits. With this 
information available it becomes possible to investigate the relationships 
between the chief acid- and base-binding substances of the tissue. 

Data obtained in the course of a study of these factors in tobacco leaf 
tissue are described in the present communication. We were fortunate in 
having at our disposal a series of samples derived from plants that had been 
grown with especially careful control of the inorganic constituents of the 
fertilizer applied. Complete analyses of the ash of these samples had been 
made by Dr. E. M. Bailey of the Connecticut Agricultural Experiment Sta- 
tion and published in connection with Bailey and Anderson's studies (1) 
of the effect of various soil treatments on the technical quality of the leaf. 
We are indebted to them for permission to carry out organic acid analyses 
of these samples and to recalculate and quote their data. 

1 The expenses of this investigation were shared by the Connecticut Agricultural 
Experiment Station and the Carnegie Institution of Washington. 
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Experimentation 

The samples used in the experiments consisted of leaves that had been 
subjected to the processes of curing and of fermentation. It was therefore 
desirable first to establish the nature of the effect of these operations on the 
organic acids. Samples of tobacco leaves picked the same day were allowed 
to cure for various periods in the customary way. Each sample consisted of 
60 leaves of approximately the same total initial weight. The results of the 
analyses were calculated upon an arbitrary basis of 1 kilo of original fresh 
weight of each individual sample. The data referring to the nitrogenous 
constituents and the carbohydrates have been discussed in a previous pub- 
lication (7). The results of the determinations of the total organic acidity 
are given in table I. 

TABLE I 

Total organic acidity of tobacco leaves at various stages in the curing process 


Hours 

Acidity* 


meq./hgm. 

0 

320 

41 

367 

64 

340 

87 

285 

111 

320 

159 

272 

185 

275 

207 

347 

231 

357 

279 

308 

303 

339 

Average 

320.9 ± 22.1 


* Data are expressed in milliequivalents per kilogram of original fresh weight of each 
sample. 


These figures show that little or no change occurs in the total organic 
acidity throughout the period of curing. The probable error is db 6.9 per 
cent., which is the order of precision to be expected for measurements of this 
type. Alterations in the relative proportions of individual acids may, and 
in fact do, occur, but there is no substantial conversion of organic acids into 
nonacidie metabolic products, nor is there evidence for the accumulation of 
acid end products of the metabolism of other substances. 

The information available on the effect of fermentation on the organic 
acids is very limited. Haley, Nasset, and Olson (2) carried out deter- 
minations of the ether-soluble organic acidity of parallel samples of cured 
and fermented tobacco, employing a method not unlike that used in this 
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laboratory. The average of nine determinations made on web tissue before 
and after fermentation differed by only 3 per cent., and it seems fair to 
assume therefore that such changes as may occur during fermentation are 
of a minor nature. This conclusion is supported by inferences drawn from 
the reaction of the tissues. The reaction of water extracts of our fermented 
samples ranged from pH 6 to 6.5 — values of exactly the same order of mag- 
nitude as those of extracts from many samples of cured tissue. Important 
alterations in the proportion of organic acids present would have changed 
this reaction appreciably inasmuch as the inorganic basic constituents did 
not change. For the present purposes, however, comparisons are to be made 
between samples, all of which had been subjected to fermentation in the 
same way; minor changes that may have taken place in the organic acids 
accordingly have no significance. 

The samples were derived from two different crops, 1924 and 1927, re- 
spectively a dry and a rainy season, and represented a considerable variety 
of cultural treatments. The two crops differed widely in the technical qual- 
ity of “fire-holding capacity,” the 1927 crop being classified as good, the 
1924 crop as poor in this relation. The soil treatments of each individual 
plot were the same in each year, and had been maintained the same for the 
crops grown during the intervening years on the same plots. All samples 
were graded by experts, and the so-called darks, “D,” and seconds, “S” 
were employed for the present work. These two grades represent leaves 
derived respectively from the upper and from the lower parts of the plant. 

The detailed analyses of the ash and of the intact tissue were recalcu- 
lated for the present purpose in terms of milliequivalents per 100 gm. of dry 
leaf. The positive ions calcium, magnesium, potassium, nicotine, and am- 
monium, and the negative ions phosphate, chloride, sulphate, and nitrate, 
were employed. Phosphorus and nicotine were reckoned as monovalent ions 
in the calculations because the tissue reactions were close to pH 6. The 
analytical figures for sulphate reported by Bailey and Anderson represent 
both organic and inorganic sulphur, but a study of the sulphur distribution 
of the samples showed that approximately 70 per cent, was in the form of 
inorganic sulphate; much of the balance doubtless represents sulphur com- 
bined in proteins. The factor 0.7 was therefore used to correct the total 
sulphur determinations of Bailey and Anderson in order to arrive at an 
approximation to the quantity of inorganic sulphate. An analogous correc- 
tion was not applied to the phosphate data although the determinations 
represent total phosphorus in the ash, and a part of this may have originated 
from organic phosphorus compounds. It is assumed that all of the phos- 
phorus represents monovalent phosphoric acid radicals as there is little 
doubt from the nature of the known organic phosphorus compounds of 
plant tissues that a part of the phosphorus even in such compounds fulfills 
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this function. In any case, the error involved in this assumption has little 
effect upon the conclusions to be drawn as phosphoric acid forms so small a 
part of the total inorganic acidity present. The nature of the compounds of 
silicon in the tissues presents a very puzzling problem, and it would appear 
from the present data that very little if any of the silicon dioxide deter- 
mined in the ash represents silicic acid or analogous acidic substances. 

The sum of the positive ions present in the ash, together with the am- 
monia and nicotine, may be taken to represent the total acid-binding capacity 
of the tissues. The sum of the inorganic negative ions represents the base- 
binding capacity of the tissues due to inorganic acids. In all cases there is 
a large excess of positive ions, and it is the purpose of the present paper to 
show that this excess is closely related to the quantity of ether-soluble organic 
acids in the intact tissue. 

It should, perhaps, be emphasized that the comparison is made between 
the excess of positive ions present at approximately the tissue reaction of pH 
6 and the whole of the ether-soluble organic acids that can be titrated be- 
tween the limits pH 7.8 and 2.6. This involves the assumption that the 
proportion of organic acids in combination with bases is substantially fixed, 
notwithstanding possible variation from sample to sample in the chemical 
composition of this group of substances. Furthermore, in the calculation of 
the bases it is assumed that the inorganic constituents of the ash are all 
present in the intact tissue in ionic form capable of salt formation. This is 
certainly not entirely true ; for example, a part of the magnesium is involved 
in the fresh tissues in complex combination in the form of chlorophyll. The 
fate of this part of the magnesium after the technical processes of curing 
and fermentation have been carried out is entirely unknown. 

The data assembled in table II permit a comparison between the excess 
acid-binding capacity of the individual samples from the 1927 crop and the 
total organic acidity as determined by the method of Pucher, Vickery, and 
Wakeman (6) after ether extraction. 

The degree with which one variable depends on the variation of another 
is probably most easily appreciated from a consideration of the correlation 
coefficient calculated in the customary way. In the present case we have 
two sets of data, one obtained from plants fertilized with various potassium 
compounds, the other with lime. Each set of 12 samples contains 6 lots of 
leaves graded as “darks” and 6 graded as “seconds.” These grades imply 
a difference in position on the plant as well as intangible elements of tech- 
nical “quality,” but for the present purpose this may be neglected and the 
two series grouped together. 

The correlation coefficient between the excess positive ions and the total 
organic acidity for the 12 samples from plants grown on the potash plots is 
0.833 dt 0.060 ; that for the other set is 0.905 ± 0.035. A similar calcula- 
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tion for the entire set of data from the 1924 crop (13 samples) gave a cor- 
relation coefficient of 0.812 dz 0.067. These coefficients indicate that the 
quantities are closely dependent on each other. 2 

Although the statistical analysis of the data leads to the conclusion that 
the two variables are closely interdependent, it in no way suggests which is 
the independent and which the dependent variable. It is not possible to 
conclude that certain plants absorbed more basic ions from the soil and 
therefore elaborated more organic acids. It may be equally true that cer- 
tain plants manufactured more organic acids and therefore absorbed more 
inorganic base from the soil. Some entirely different factor may indeed 
have been the true independent variable, and it is quite possible that the 
mutually related organic acidity and excess basic ion content varied in 
response to the changes in this other factor. 

Inspection of the data of table II show r s that the inorganic acidic com- 
ponents of the tissue (negative ions) play a minor role in maintaining the 
balance between the positive and negative ions of the tissue. The average 
of the total inorganic anions amounts to only about one-sixth of the average 
total cations in the samples from the potash plots and to one-tenth for the 
samples fertilized with lime. Organic acidic substances, particularly in the 
latter case, obviously dominate the situation. 

It must be emphasized that we are in a position to deal from the analyti- 
cal point of view only with that part of the organic acids of the tissues that 
can be extracted with ether under suitable conditions. No accurate estimate 
can at present be made of base-binding substances that cannot be extracted 
with this solvent. The tobacco leaf contains considerable quantities of pectins 
and allied compounds, some of which possess base-binding properties. If 
the assumptions upon which the present calculations have been founded are 
correct, it would appear that roughly one-third of the excess positive ions 
are, on the average, combined with acidic substances other than ether-soluble 
organic acids. 

The acids actually determined by the method employed are chiefly malic, 
oxalic, and citric; these three make up about four-fifths of the ether-soluble 
acidity. The exact chemical nature of this group is, however, immaterial to 
the present discussion. 

If it be accepted that the high correlation between the excess positive 
ions and ether-soluble organic acidity in tobacco leaf tissues demonstrates a 
mutual interdependence between these quantities, inferences may be drawn 
from average values and extended to the consideration of other sets of 

2 The high significance of these coefficients may be appreciated from comparison with 
Fisher’s table (Snedecor, G. W. Statistical methods. Ames, 1937, p. 125). For 10 
degrees of freedom the coefficient at the 1 per cent, level of significance is 0.708, for 11 
degrees of freedom it is 0.684. 
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samples. It may be useful to present the data from this point of view. In 
table III are shown the average values of the organic acidity and of the 
excess positive ions of samples of grade D from two crops fertilized each in 
two ways. In the upper portion of the table are details from which the 
relative order of magnitude of the individual bases and of the inorganic 
acidity may be appreciated. Calcium and potassium clearly occupy the 
dominant position among the bases. 

The organic acidity of the samples grown on the potash plots in 1924 
was distinctly higher than that of the samples grown in 1927. In the later 
crop, there was a marked decrease in total positive ions, partly due to a 
diminution in calcium content, and there was a corresponding decrease in 
inorganic acidic ions. The compensation was not, however, complete so that 
the ratio between the excess positive ions and the organic acidity changed 
from 1.52 to 1.73. 

The samples from the lime-fertilized plots showed a slight increase in 
organic acidity and in excess positive ions. There was a marked decrease in 
calcium and potassium in the 1927 crop which was only partially compen- 
sated by an increase in magnesium. The substantial drop in inorganic nega- 
tive ions, however, completed the compensation and preserved the balance 
between the excess positive ions and the organic acids. The ratio did not 
change significantly. 

If the potash series of 1924 is compared with the lime series of the same 

TABLE III 

Belationship between positive and negative ions oe samples of tobacco of grade D 
DERIVED FROM THE CROPS OF 1924 AND 1927 



Potash series* 

Lime series* 


1924 

1927 

1924 

1927 

Calcium 

180 

148 

200 

161 

Potassium 

166 

173 

150 

128 

Magnesium 

67.7 

55.6 

54.7 

90 

Nicotine 

14.6 

10.6 

16.3 

13.7 

Ammonia 

33.2 

15.6 

39.3 

18.6 

Total positive ions 

462 

403 

460 

411 

Total negative ions (inorganic acidity) 

107 

71.7 

110 

42 

Excess positive ions 

3 55 

331 

350 

369 

Organic acidity 

234 

191 

236 

245 

_ excess positive ions 

organic acidity 

1.52 

1.73 

1.48 

1.51 


* Figures are averages of from four to six individual samples and are expressed in 
milliequivalents per 100 gm. of dry tissue. 
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year, it is clear that there was no significant change in the organic acidity 
nor in the excess positive ions. The inorganic acidity is also practically the 
same, the slight difference in excess positive ions being attributable to minor 
differences in calcium and potassium. But if the potash series of 1927 is 
compared with the lime series of that year, there is an important increase in 
organic acidity in the samples from the lime plots. There is only a small 
increase in total positive ions, but there is a substantial diminution in the 
inorganic negative ions, so that the excess of positive ions increases materi- 
ally. Nevertheless, the change falls a little short of being strictly propor- 
tional to the change Jin organic acids, the ratios being 1.73 and 1.51 
respectively. 

A similar comparison between the “D” samples and the samples 
from the 1927 crop is shown in table IV. These grades to a considerable 
extent represent position of the leaves on the plant, the “S” grade being 
mainly bottom leaves, the ‘ ‘ D J * grade, upper leaves. The bottom leaves from 
the potash plots contain more organic acids than top leaves from plants fer- 
tilized in the same way. The inorganic negative ions are practically the 
same, and it is clear that the balance of ions is maintained by the organic 
acids. The same is true of the two sets of samples from the lime plots. Dif- 
ferences between the lime and potash samples within each group are mostly 
caused by the lower inorganic negative ions in the lime series with corre- 
spondingly higher organic acids. 

TABLE IV 

Relationship between positive and negative ions of samples of grade D and grade S 

FROM THE CROP OF 1927 



1 1 D ,? SAMPLES* 

Top leaves 

‘ 1 S ’ * SAMPLES* 

Bottom leaves 


Potash 

series 

Lime 

series 

Potash 

series 

Lime 

series 

Calcium 

Potassium 

Magnesium 

Nicotine 

Ammonia 

Total positive ions 

Total negative ions (inorganic acidity) 

Excess positive ions 

Organic acidity 

148 

173 

55.6 

10.6 

15.6 

403 

71.7 
331 

191 

161 

128 

1 90 

13.7 

18.6 

411 

42 

369 

245 

177 

181 

62.7 

5.7 

7.4 

434 

73.3 

360 

223 

180 

120 

112 

9.9 

11.5 

433 

35.2 

398 

284 

, . excess positive ions 
organic acidity 

1.73 

1.51 

1.61 

1.40 


* Figures are averages of six samples and are expressed in milliequivalents per 100 
gm. of dry tissue. 
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It is apparent that the ether-soluble organic acidity of tobacco leaf tissue 
may vary between relatively wide limits, and that this variation is asso- 
ciated with the manner in which the plants have been fertilized. The data 
indicate with some clearness that the fluctuations are in the direction which, 
from the chemical composition of the tissue, may be expected to maintain 
an equilibrium between the positive and negative ions such that the hydro- 
gen-ion activity of the tissues does not vary in any significant manner. Many 
factors undoubtedly come into play, but the nature of the inorganic ions 
that are assimilated and the total amount present have a direct influence. 
The organic acids are therefore definitely concerned in the problem of inor- 
ganic nutrition, and a comprehensive study of the manner in which these 
substances may vary in response to the cultural treatment of the plant is 
much to be desired. 

Summary 

1. If it be assumed that the major constituents of the ash of cured and 
fermented tobacco leaves, with the exception of silicon dioxide, represent 
respectively basic or acidic ions combined essentially as salts in the cells, and 
if, in addition, allowance is made for the nicotine, ammonium, and nitric 
acid of the tissues, it is possible to calculate the total positive ions and the 
total negative ions present in terms of chemical equivalents. 

2. In all cases examined there is a large excess of positive ions and the 
quantity so found is closely correlated with the quantity of ether-soluble 
organic acids as determined by a suitable titration method. 

3. The organic acids occupy a dominating position with respect to the 
balance of positive and negative ions in the tissues, and it is inferred that 
these substances are closely concerned in the phenomena of inorganic 
nutrition. 

Connecticut Agricultural Experiment Station 
New Haven, Connecticut 
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GROWTH OF CABBAGE SEEDLINGS IN SAND CULTURE, AS 
AFFECTED BY DELAYED APPLICATION 
OF NUTRIENT SALTS 

A. A. Dunlap 
(with two figures) 

Introduction 

When some kinds of seeds are thickly planted, the resulting, seedlings 
are likely to develop excessively elongated hypocotyls and to be otherwise 
unsuitable for transplanting. It has long been known that excessive elonga- 
tion of many kinds of stems, including hypocotyls, is generally correlated 
with inadequate light intensity, as in partial or complete etiolation, when 
conditions of temperature and water supply are adequate and when inorganic 
nutrients are available. Without referring particularly to numerous earlier 
papers on the etiolation of ordinary plants, reference may be made to Popp’s 
(6) observation that stem elongation in early growth stages of soy bean was 
approximately inversely proportional to the intensity of the light employed. 
Reference may be made also to the experiments of van Overbeek (5), who 
found that the rate of hypocotyl elongation and the final length attained by 
radish hypocotyls were only about half as great when the seedlings were 
grown under ordinary conditions as when they were grown in darkness. 
That different kinds of plants should show great differences in respect to 
this influence of light is only to be expected (MacDougai/s classic book on 
light effects, 4), and the physiological problem thus raised is surely one of 
great complexity. In connection with the study here reported, the employ- 
ment of artificial illumination in the greenhouse at night was only slightly 
effective in retarding and limiting hypocotyl elongation in cucumber seed- 
lings. 

In this study it has been found that under ordinary greenhouse conditions 
seedlings of cabbage, cucumber, and tomato generally become “ drawn,” 
showing some of the growth symptoms of etiolation, when the seeds are sown 
too close together, but exhibiting a quite satisfactory degree of stockiness 
when they are allowed to grow a few centimeters apart. Dense stands of 
perfectly satisfactory seedlings have been grown in an ordinary greenhouse, 
however, by employing sand as substrate, to which suitable nutrient salts had 
been added in suitable concentrations (2). Ammonium nitrate was found 
to be very satisfactory when initially added at the rate of about 0.5 gin. per 
liter of sand, the pH value of the solution used being between 5 and 7 ; the 
sand used contained a trace of available phosphorus. Some other ammonium 
salts gave similar results, but leaf injury was likely to follow their use unless 

■ 631 ' ' ■ 



632 


PLANT PHYSIOLOGY 


a potassium salt (such as KC1, K 2 S0 4 ) was also added initially, at suitable 
concentration. In any event, this desired stunting effect of an NH 4 + salt was 
secured only when the initial salt concentration was properly adjusted. With 
concentration too high, toxic effects were produced ; with concentration too 
low, the crowded seedlings showed the usual condition of partial etiolation. 
Injury from the use of NH 4 + salts was especially likely to occur when tall 
sand columns were employed with automatic tray irrigation (3) . 

The present paper reports some recent greenhouse experiments in which 
satisfactorily stocky seedlings were obtained in crowded stands without the 
use of NH 4 + . These were grown in pots of washed sand with tray subirriga- 
tion (3) and without addition of any nutrient salt to the sand until 10 days 
after the seedlings had emerged. At that time a delayed fertilizer treatment, 
with KN0 3 and Ca(H 2 P0 4 ) 2 , was applied. The experiments were carried 
out at the Connecticut Agricultural Experiment Station in the late spring 
and early summer of 1937. 

Experiments 

A fairly coarse, reddish-brown sand with angular grains, from a deep pit 
near New Haven, was used as culture medium. This was first washed in hot 
(65° C.) tap water, to remove most of the silt and soluble materials and to 
insure against damping-off (2). The wet sand was placed in glazed butter 
crocks each having a diameter of 17 cm., a depth of 10.5 cm., and a capacity 
of about 2500 ml. Every crock had a 5-mm. hole in the bottom to allow for 
constant-level subirrigation of the type described by Dunlap and Livingston 
(3). The air-dry weight of the contents of each crock was approximately 
3.7 kg. The crocks stood in tap water the surface of which was about 1 cm. 
above the bottom of the sand mass, which held about 750 ml. of water when 
in equilibrium with the free water below. For a series of cultures with 
seedlings of cabbage ( Brassica oleracea L.), which will now be described, 
there were 9 crocks. 

After the sand had been leveled off about 1.5 cm. below the crock rim, 3 
of the 9 crocks (group B) each received 100 ml. of a 2-salt nutrient solution 
containing 0.01 gm. mol of KN0 3 and 0.001 gm. mol of Ca(H 2 P0 4 ) 2 . This 
solution had been found to produce as good growth of seedlings under these 
conditions as was obtained with more complex solutions. To the remaining 
6 crocks no nutrient solution was added at the start. Three of them (group 
A) received no fertilizer at any time, but the remaining 3 (group C) subse- 
quently received the addition just mentioned, 10 days after the seedlings had 
emerged. 

Next, 200 seeds (germinative capacity about 80 per cent.) were planted 
in each of the 9 crocks and covered with about 0.5 cm. of washed sand, the 
surface being then sprinkled with water. The crocks stood about 8 cm. 
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apart on a watertight concrete bench with raised edge. This constituted the 
snbirrigation tray, in which water was maintained at a depth of 1 to 2 cm. 
Thus the cultures were well subirrigated at all times. No artificial shade 
was used and on clear days, except for a few hours in early morning and 
late afternoon, the cultures were in direct sunlight. 

In all cultures the seedlings emerged from the sand about 4 days after 
sowing. Ten days after their emergence most of those without fertilizer 
treatment (groups A and C) had only one very small true leaf, in addition 
to the cotyledons. The cotyledons were about 21 mm. above the sand, and 
the average fresh weight of aerial parts was about 8 gm. per 100 seedlings. 
At the same time, each of the seedlings of the initially fertilized cultures 
(group B) had a small true leaf; the cotyledons were about 50 mm. above 
the sand, and the average fresh weight of the aerial parts was about 25 gm. 
per 100. 

Nutrient solution was at this time applied to 3 of the 6 previously unfer- 
tilized cultures (group G), as already mentioned, by sprinkling it over the 
seedlings and washing it into the sand by means of a light sprinkling of water. 
About 3 days later the seedlings that received this delayed application of 
fertilizer showed greatly accelerated growth and rapidly became darker 
green. They continued to grow vigorously until the cultures were discon- 
tinued on the 24th day after emergence. At that time it appeared that all 
cultures had reached a stage where any considerable further growth could 
not occur without further additional application of nutrient salts. Mean- 
while, the seedlings that had received fertilizer treatment at the start, which 



Fig. 1, Cabbage seedlings in sand cultures ; I, 10 days after emergence ; II, 20 days 
after emergence ; III; representative seedlings 20 days after emergence. A, no nutrient 
salts applied at any time; B, KNO s and Ca(H 2 P0 4 ) 2 added to sand when seeds were 
sown; C, the same salts added to sand 10 days after emergence of seedlings. 
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were already much advanced on the 10th day after emergence, continued to 
grow, hut those without any fertilizer treatment grew only slightly, remain- 
ing very small — -about as they were on the 10th day. The general appear- 
ance of the cultures on the 10th and 20th days after emergence and represen- 
tative seedlings for the 20th day after emergence are shown in figure 1. 
Some growth data secured on the 10th and the 24th day after emergence 
are set forth by the diagrams of figure 2. For each time of observation these 
diagrams show the following features: Average height (millimeters) of 
cotyledons above sand; average length (millimeters) of stem above coty- 



Fig. 2. Growth diagrams for seedlings represented in figure 1, showing length of 
steins and fresh weights on the 10th and 24th days after emergence of seedlings. Height 
of stem above cotyledons plus height of stem below cotyledons is total height of stem 
above sand. 
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ledons; average total height of stem — i.e., average height (mm.) of terminal 
stem growing point above sand; and average fresh weight (gm.) of aerial 
portions per 100 seedlings. 

At the end of the experimental period the seedlings showed marked dif- 
ferences according to the fertilizer treatments they had received. Those 
grown without any fertilizer (A) were very small indeed, with only a single 
leaf; those with initial fertilization (B) .were apparently well grown but 
much “drawn” (as though somewhat etiolated) ; and those with delayed 
fertilization (0) were greatly superior — much stockier and shorter. Al- 
though both were grown in very dense stands, the seedlings of the B group 
were not well suited for transplanting into soil but those of the C group 
were in very excellent condition for transplanting. 

Further examination of the figures furnishes a more detailed picture of 
these growth differences and the manner in which they were brought about. 

In the first 10 days after emergence the height of the cotyledons above 
the sand became about 21 mm. in the absence of added nutrient salts (A) but 
it became about 50 mm. when the salts were present from the start (B ) . This 
height was subsequently increased from about 50 mm. only to about 53 mm. 
for the initially fertilized seedlings ( B ), and for those with delayed fertiliza- 
tion (C) this increase was greater; namely, from about 21 to about 33 mm. 
At the end of the experimental period the hypocotyls were very much shorter 
in the cultures with delayed fertilization (C) than in those with initial fer- 
tilization ( B ) ; indeed, with delayed fertilization the cotyledon height above 
the sand was at that time only about two-thirds as great as it had been with 
initial fertilization on the 10th day. It is thus clear that the final marked 
superiority and stockier appearance of the seedlings produced with delayed 
fertilization was in part due to this difference in hypocotyl elongation and 
final length. 

The elongation of the stem above the cotyledons is also of interest. On 
the 10th day after emergence the average length of the entire epicotyl was 
only about 3 mm. with inital fertilization ( B ), and it was too short to mea- 
sure when no fertilizer had been applied. In the following 14 days the length 
of the epicotyl increased from about 3 to about 39 mm. with initial fertiliza- 
tion, and from about zero to about 35 mm. with delayed fertilization. It thus 
came about that the total stem height above the sand was finally only about 
68 mm. with delayed fertilization, while it was about 92 mm. with initial 
fertilization. 

Although the seedlings with delayed fertilization were finally much 
shorter than those with initial fertilization, the final average fresh weight 
per 100 seedlings was almost as great with delayed fertilizer treatment (44 
gm.) as with initial treatment (46 gm.). It is interesting to note that the 
fresh-weight value on the 10th day was only about 8 gm. for the C seedlings 



636 


PLANT PHYSIOLOGY 


while it was about 25 gin. for the B seedlings, and that these values increased 
during the next 14 days at different rates, attaining about the same magni- 
tude on the 24th day. More than one-half of the final fresh weight of the 
initially fertilized seedlings represents growth during the first 10 days after 
emergence, but only about one-fifth of the final weight of the seedlings with 
delayed treatment represents growth before the nutrient salts were applied. 

In summarizing, it may be said that delayed treatment was superior to 
initial treatment in that, although final fresh weight was about the same for 
both, final length of hypocotyl was much shorter and the length of the epi- 
cotyl was somewhat shorter with delayed treatment. Results similar to those 
just presented were sometimes obtained when the nutrient salts were applied 
7 or 8 days after emergence of the seedlings from the sand, but when applica- 
tion was delayed only 3 or 4 days these effects were not produced. With 
longer periods, such as 20 days after emergence, more pronounced effects 
were obtained than with the 10-day period, and greater foliar development 
was noted on the seedlings with delayed fertilization. 

Experiments similar to these were carried out with cucumber ( Cucumis 
sativus L.) and tomato (Lycopersicum esculent um Mill.) and these plants 
were essentially like cabbage in their response to delayed application of 
nutrient salts. 

Discussion 

A physiological explanation of the results described above would surely 
involve consideration of growth-promoting substances and the relations of 
their actions to mineral nutrition and perhaps to light intensity and tempera- 
ture of both air and soil. Under the conditions of the experiments with cab- 
bage it appears that, in the absence of added salts (A), hypocotyl elongation 
practically ceased before the 10th day, but that when it ceased these organs 
still retained for a time their capacity to elongate further if salts were then 
supplied. An increment of about 12 mm. was added to the average hypocotyl 
length after the delayed application of nutrient salts on the 10th day, and 
that increment amounted to more than 36 per cent, of the final height of the 
cotyledons above the sand in the C cultures. When the added salts were 
present from the start (R), that increment was only about one-fourth as 
great (about 3 mm.), amounting to only about 6 per cent, of the final height 
of the cotyledons. It might be supposed that it was inadequacy of NO 3 
supply to hypocotyl and cotyledons which brought the period of hypocotyl 
elongation to a close somewhat before the 10th day in the A cultures, but it 
is difficult to imagine that hypocotyl elongation ceased for that reason in the 
B cultures, where the supply of that important ion was obviously still ade- 
quate for vigorous epicotyl growth throughout the succeeding 14 days. 

Whatever conditions may have brought about the cessation of hypocotyl 
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elongation, it is clear that the average rate of that process in the first 10 days 
after emergence — and presumably throughout its whole grand period — was 
very much more rapid when the added salts were present than when they 
were not. This difference in rate may readily be supposed to have been caused 
by an accelerating influence exerted by the added salts, presumably by KN0 3 
or by NO 3 . That influence may have been effective directly on the elongating 
cells of the hypocotyl itself or indirectly through the cotyledons, or in both 
of these ways. Van Overbeek (5) has recently reported that, when the 
cotyledons of radish seedlings (Baphanus sativus L., which is rather closely 
related to Brassica) were removed early, hypocotyl elongation was at first 
very slow, becoming more rapid and reaching its completion only after the 
epicotyls had attained considerable growth. He concluded that hypocotyl 
elongation could not occur in the usual way without the presence of a growth 
hormone, which appeared to be derived from the cotyledons or, in their 
absence, from the developing epicotyl. On the basis of that conclusion it 
may be supposed that the presumably salt-starved cabbage cotyledons of the 
present study were less effective to furnish the hypocotyls with requisite 
hormone than were the cotyledons of the initially fertilized cultures. Thus 
both the duration and the rate of hypocotyl elongation in the seedlings with- 
out initial fertilization may have been limited not only by inadequacy of NO ~ 
supply but also by inadequacy of hormone supply. Furthermore, this sup- 
posed partial failure of the salt-starved cotyledons to deliver hormone to 
their hypocotyls may itself have been associated with N 07 deficiency in their 
own tissues, for Avery, Burkholder, and Creighton (1) found that stem 
tips of sunflower and tobacco contained little or no growth hormone when 
inadequately supplied with NO 3 , while the hormone content of these tissues 
was much greater when the supply of NO~ had been plentiful. 

Elongation of the epicotyls began after hypocotyl elongation had practi- 
cally ceased in the cultures without any fertilization, and it began somewhat 
earlier with the other treatments. Without added salts it began some time 
after the 10 th day but the cultures with initial fertilization showed epicotyls 
about 3 mm. long on that day. In the succeeding 14 days the unfertilized 
epicotyls elongated very little (about 3 mm.) but those with initial and with 
delayed fertilization elongated rapidly, the rates being about equal. The 
final epicotyl length was somewhat greater with initial fertilization (about 
39 mm.) than with delayed fertilization (about 35 mm.). The growing epi- 
cotyls probably produced their own growth hormones (5), but it does not 
appear that their rate of elongation was related in any clear way to the con- 
comitant elongation of the hypocotyls, which had nearly completed their 
elongation before epicotyl elongation began. It is remarkable that epicotyl 
elongation in the final 14-day period was a little more rapid with initial 
fertilization than when the salts were added only at the beginning of that 
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period; although the initial supply of added nutrient salts had probably 
become more or less depleted by the 10th day, the residue was obviously suffi- 
cient for vigorous epicotyl development in the following 14 days, as has been 
noted. As far as the final stockiness of the seedlings with delayed fertiliza- 
tion was related to shortness of epicotyls, it was clearly due to earlier cessa- 
tion of epicotyl elongation rather than to retardation of that process. 

Of course the growth of these seedlings involved other features than those 
of hypocotyl and epicotyl elongation, notably, extensive development of the 
root system and foliar development and expansion. The superiority of the 
cultures with delayed fertilization was clearly aseribable, in considerable 
part, to their greater uniformity in size and more advanced leaf growth. The 
information at hand concerning these peculiarities is insufficient, however, to 
warrant any attempt to interpret them in terms of salt nutrition, hormones, 
etc. Nevertheless, the data presented in figure 2 concerning fresh weight of 
aerial parts (including hyp ocoty Is, cotyledons, epicotyl stems, and leaves) 
may be examined briefly. Although the final average fresh- weight values 
derived from initial and from delayed fertilizer treatment are essentially 
alike (about 46 and 44 gm. per 100 seedlings), the rates of weight increase 
were very different. With initial fertilization the average fresh weight in- 
creased in the 14-day period from about 25 to about 46 gm., the increment 
being only about 21 gm., but when the salts were applied on the 10th day the 
corresponding increase was from about 8 to about 44 gm., the increment 
being about 36 gm. Of the final fresh weight, in the former case about 46 
per cent., and in the latter about 82 per cent., had been produced in the last 
14 days of growth. The seedlings produced by the method of delayed fertili- 
zation were therefore superior to those grown with initial fertilization in that 
a much greater proportion of their tissues had resulted from recent rapid 
development. 

The results of the present study seem to lead to the suggestion that the 
stockier seedlings produced with the 10-day delay in fertilization might per- 
haps have possessed their superior characteristics to a still greater degree if 
they had been allowed to remain without fertilization somewhat more than 
the 10 days after emergence. Since it is reasonable to expect seedlings of 
different species or varieties to respond more or less differently to this tech- 
nique of delayed fertilization, it seems likely that the delay requisite for 
most satisfactory results may be longer for some forms and shorter for others. 
A tentative rule may be proposed ; to wit, that fertilizer salts are to be with- 
held for a while after hypocotyl elongation has ceased, until the hypocotyls 
have lost their physiological capacity to elongate further even after the salts 
are added. Also, other environmental features, besides fertilization and the 
time of its application, may be worthy of consideration as this technique is 
developed further; perhaps, for example, a suitably maintained low tern- 
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perature — of the sand or of both sand and air — throughout the preliminary- 
period of salt starvation might give results even more satisfactory than those 
described in this paper. From the standpoint of practical horticulture as 
well as from that of plant physiology, this procedure of delayed fertilization 
with tray subirrigation seems highly promising and worthy of further experi- 
mental study. 

Summary 

1. This paper presents results of greenhouse experiments with cabbage 
seedlings closely grown in glazed crocks of washed sand with constant-level 
tray subirrigation. Some of the crocks were initially supplied with fertilizer 
salts (KNO 3 and Ca(HoP 0 4 ) 2 ) ; others received the same fertilizer treatment 
only on the 10th day after the seedlings had emerged from the substrate ; and 
still other crocks received no fertilizer at any time. The experiments were 
discontinued on the 24th day after seedling emergence and the seedlings 
finally obtained differed markedly according to their fertilizer treatment. 

2. Seedlings grown without any fertilization were obviously salt-starved, 
greatly stunted, with only a very small true leaf. Those that had received 
initial fertilization were well developed but they appeared as though partially 
etiolated, having long, slender hypocotyls and epicotyls ; they were unsuited 
for transplanting. Those that had received delayed fertilization were like 
those with initial fertilization in fresh weight of aerial parts but each had 
relatively shorter hypocotyls and epicotyls. These seedlings with delayed 
fertilization were remarkably stocky and well suited for transplanting. 

3. Physiological reasons for the pronounced superiority of the cultures 
with delayed fertilization are briefly considered, especially with reference to 
hypocotyl elongation, epicotyl development, and fresh weight of the aerial 
parts. 

4. The procedure of delayed fertilization with washed sand and with tray 
irrigation is highly promising from the horticultural point of view, for it 
seems to offer, at least under greenhouse conditions similar to those of New 
Haven in spring and summer, a very simple and almost automatic means for 
quantity production of seedlings suitable for transplanting. This general 
procedure should be useful also in scientific studies on the relations of seed- 
ling development to environmental conditions and to hormone influences. 

The author wishes to acknowledge the many suggestions received from 
Dr. Burton E. Livingston of the Johns Hopkins University in the prepara- 
tion of this paper. 

Texas Agricultural Experiment Station 
College Station, Texas 
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ISOLATION OF A HEXOSEMONOPHOSPHATE 
FROM PEA LEAVES 

W. Z . Hassid 
Introduction 

Harden and Young (7, 8) showed that phosphates accelerate the fer- 
mentation of sugars by yeast-juice and discovered hexosediphosphorie acid 
in the products resulting from such fermentation. Since that time the rela- 
tion of phosphates to carbohydrate metabolism has been the subject of in- 
tensive study. The investigations of the several hexosephosphates isolated 
from yeast and muscle contributed much toward the knowledge of the com- 
plex carbohydrate metabolism of the animal body and served particularly to 
elucidate the chemistry of muscle. 

In recent years data have been accumulated which indicate that hexose- 
phosphates are also formed in the higher plants and that they play perhaps 
as important a part in the carbohydrate metabolism of the plant as they do 
in the animal body. 

The fact that phosphates stimulate the respiratory sugar metabolism in 
higher plants suggests that the formation of phosphoric esters may occur as 
part of this process (4, 10). It is also known that when preparations of 
germinating peas, beans, barley, etc., are allowed to act upon the hexosedi- 
phosphoric acid of Harden and Young, products , are forced, which are 
characteristic of sugar breakdown in yeast or muscle (1, 14, 15). When 
phosphoglyceric acid is used as a substrate, pyruvic acid is formed (16). 

Evidence that phosphorylation takes place in the plant was first pre- 
sented by Bodnar (5). He demonstrated that inorganic, phosphorus dis- 
appeared when added to ground peas in the presence of toluene. Barren- 
scheen and Albers (2) found that the acid-soluble phosphorus . increased 
in irradiated Eiodea canadensis and during germination of rye. Later Bar- 
renscheen and Pany (3) showed the existence of hexosephosphates in 
Eiodea after it was kept for a certain irradiation period in a dilute sugar 
solution to which inorganic phosphorus was added. 

TInko (23), using pea preparations to which inorganic phosphorus was 
added, isolated a mixture of hexosediphosphate and hexosemonophosphate 
similar to the Harden and Young and the Robison esters. In addition, 
some esters were present which differed in constitution from the known 
phosphoric esters. Burkard and Neuberg (6) have shown that both glu- 
cose and fructose monophosphate are formed in beet leaves. 

In the present work the writer also isolated a hexosephosphate from pea 
leaves, which is, apparently, a mixture of the glucose- and fructose-phos- 
phoric esters. This affords more evidence to support the view that phos- 

641 



642 


PLANT PHYSIOLOGY 


phorylation takes place in the higher plants with the production of phos- 
phoric esters similar to those found in yeast or muscle, and also suggests a 
possible parallelism between carbohydrate metabolism in the higher plants 
and in yeast or muscle. 

Experimentation 

Isolation of the hexosemonophosphate 

The plant material was prepared and the hexosephosphate isolated 
according to a slightly modified procedure described by Bukkard and Neu- 
BERG (6). 

Peas (variety Giant Stride) were planted on May 25, 1937, and harvested 
in July at about the time of the appearance of pods. Lots of 3 kg. of fresh 
leaves were quickly thrown into containers with 10 liters of boiling 95 per 
cent, alcohol, boiled for 15 minutes and allowed to stand overnight. The 
dark alcoholic solution was decanted, the leaves washed on a Buchner funnel 
wfith alcohol, dried at 28° C., and ground to a powder. 

Two hundred and fifty gm. of the ground plant material were mixed 
with 5 liters of 0.4 N hydrochloric acid and stirred for 1-| hours. The solu- 
tion was filtered off, cooled to 5° and neutralized with dilute sodium hydrox- 
ide to a weakly acidic reaction of pH 5 and then cooled again to the same 
temperature. One hundred and sixty cc. of 10 per cent, solution of copper 
sulphate and 500 cc. of calcium hydroxide were added and stirred for ten 
minutes. The precipitate was quickly removed by filtration, washed, and 
ground. It was then dissolved with dilute sulphuric acid, the acid being 
added until the solution gave a faintly blue color with congo red. During 
this operation the solution was kept cool by the addition of cracked ice to 
the mixture. The calcium sulphate formed was separated by filtration, the 
filtrate treated with hydrogen sulphide, the copper sulphide removed by 
filtration, and the hydrogen sulphide removed from the solution by a stream 
of air. To the liquid, which was kept ice-cooled, a warm saturated solution 
of barium hydroxide was added until it gave a red color to phenolphthalein ; 
then carbon dioxide was introduced until the color disappeared. A 50 per 
cent, barium acetate solution was slowly added until no further precipita- 
tion occurred. The precipitate was filtered off and the liquid evaporated 
to about 100 cc. under reduced pressure at 40°, the solution filtered, and 
precipitated with basic lead acetate. The precipitate was washed on a 
Buchner funnel and then suspended in water. A stream of hydrogen sul- 
phide was introduced into the solution, while the mixture was continuously 
shaken. The filtrate was cleared from the hydrogen sulphide by a stream of 
air, then barium hydroxide was added to the red end-point of phenolphtha- 
lein, after which it was filtered, and the solution precipitated with neutral 
lead acetate. This precipitate was filtered off and reserved for later treat- 
ment. 
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Basic lead acetate was added to the filtrate, and the precipitate, after 
being washed, was decomposed with hydrogen sulphide as before. The 
hydrogen-sulphide-free filtrate was neutralized again with barium hydroxide, 
and after filtration was added drop by drop to five times its volume of alco- 
hol. The barium salt formed was filtered off on a sintered glass crucible, 
washed with alcohol, and dried in a desiccator. The precipitate previously 
obtained by the addition of neutral lead acetate was similarly treated. 

About 0.8 gm. of the crude barium salt was obtained from two 250-gm. 
lots of the dried plant material. 

This crude barium salt was dissolved in alcohol, 20 cc. of water was 
added, and the mixture shaken. The insoluble precipitate which separated 
out was filtered off, and the filtrate was treated with neutral lead acetate 
until no more cloudiness appeared. The precipitate was filtered off and the 
solution was treated with basic lead acetate. The lead salt formed was 
washed with water and changed into the barium salt in the manner de- 
scribed. It was precipitated with alcohol, dissolved in water, and precipi- 
tated again with alcohol. The yield of the barium hexosephosphate, after 
drying in vacuum at 70°, was 0.35 gm. 

Analysis of the hexosephosphate 

The barium salt of the hexosephosphoric acid ester was not obtained in 
the absolutely pure state. 

iFound C, 17.95 per cent, ; P, 7.15 per cent. ; Ba, 36.6 per cent. 

Calculated for C e H 10 O 5 PO 4 Ba ■ C, 18.22 per cent.; P, 7.85 per cent.; Ba, 34.73 per cent. 

The ratio of the Ba to P is therefore 1.155. Since only a limited amount 
of the material was available, further purification, according to the method 
of Robison (21), by conversion into the brucine salt and regeneration back 
into the barium salt was not attempted. 

Burkard and Neuberg’s ratio, Ba:P, for the barium hexosephosphate 
isolated from beet leaves was 1.336 ( 6 ). After regeneration from the bru- 
cine salt they obtained a Ba : P ratio of 1.063. 

The specific rotation of the barium salt was determined by dissolving 10 
mg. of the substance in a 2.5 cc. volumetric flask and polarizing in a 100-mm. 
(1 cc. capacity) tube. The reading was - 0.3°. The specific rotation of the 
salt [cx]d was therefore of the order of magnitude of -25°. 

The aldose value, determined iodimetrically according to the method of 
Macleod and Robison (12), was 11.8 per cent, and with the ferricyanide 
method (9) 38.0 per cent. The Seliwanoff reaction carried out on the sub- 
stance as described by Roe (22) was positive. These values indicate that 
the carbohydrate fraction of the compound is a mixture of about 30 per 
cent, glucose and 70 per cent, fructose. 

1 The analyses were carried out semi-microehemically. 
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The negative rotation of the compound suggests that the fructose com- 
ponent might be the fructose-l-phosphate described by Tanko and Robison 
(24), as this is the only barium hexosephosphate with a negative rotation 
thus far reported. 

An osazone was prepared from the barium salt as follows : 0.15 gm. of 
the salt was dissolved in 2 cc. of water, and the exact amount of dilute sul- 
phuric acid necessary to precipitate the barium was added. The filtrate 
was treated in a test tube with 0.2 gm. of phenylhydrazine hydrochloride 
and 0.3 gm. of sodium acetate, and then heated on a water bath for half an 
hour. An osazone separated out on cooling. When recrystallized from a 
mixture of chloroform and alcohol, according to Neuberg and Reinfurth 
(20), its melting point was 150°, which corresponds with values given in 
the literature. 

Discussion 

Neuberg and Leibowitz (17, 18, 19) showed that when the proper en- 
zyme acts upon either glucose or fructose ester an equilibrium mixture of 
glucose- and fructose-phosphorie acid ester results. The ease with which 
these two esters are formed, coupled with the fact that glucose- and fruc- 
tose-phosphoric acid ester exist in actively metabolizing leaves of peas and 
sugar beets ( 6 ), which produce sucrose abundantly, suggests that phos- 
phorylation of the hexose sugars is a necessary step for the synthesis of 
sucrose. . Furthermore, the chemical structure of sucrose, containing the 
furanose (unstable or y form) form of fructose and the stable pyranose 
form of glucose in its molecule, can be adequately explained only by assum- 
ing that phosphorylation of these two monosaccharides takes place before 
the synthesis of the sucrose molecule. 

The fructosediphosphoric as well as the fructosemonophosphoric acid 
ester are known to possess the furanose structure. Morgan (13) showed 
that the same niethylhexosediphosphoric acids are obtained whether the 
methylation is carried out at room temperature or at 60°, the latter condi- 
tion being favorable to the formation of methylfructopyranose, containing 
the stable 2 : 6 or amylene oxide ring. Morgan and Robison concluded from 
these facts that the second phosphoric acid group is attached to the terminal 
C atom, thereby preventing the formation of the stable 2 : 6 oxide ring. 
Levene and Raymond (11) arrived at a similar conclusion from the results 
of methylation experiments. Phosphorylation of the fructose molecule evi- 
dently takes place when it is in the straight chain form. Subsequently, 
when the ring is formed, it results in a furanose structure because the hy- 
droxyl of the sixth carbon atom is occupied in the phosphoric acid ester 
linkage, thus preventing the formation of the pyranose structure. 

Now, if we assume a direct glucosidal linkage between this five-mem- 
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bered ring of phosphorylated fructose and the six-member ed glucose-mono- 
phosphoric acid and then subsequent hydrolysis of the phosphoric acid 
groups, the molecule of sucrose would result : 
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Summary 

1. A hexose monophosphate was isolated from pea leaves, which proved 
to be a mixture of glucose- and fructose-phosphoric acid esters. The nega- 
tive rotation of the barium salt of this hexosephosphoric acid seems to indi- 
cate that the fructose component is, probably, fructose-l-phosphate. 

2. It is suggested that phosphorylation of the glucose and fructose com- 
ponents is a necessary step in the synthesis of sucrose in the plant. 

3. The occurrence of the unstable furanose form of fructose in the su- 
crose molecule is explained by assuming that phosphorylation of the fruc- 
tose and glucose takes place prior to the synthesis of sucrose in the plant. 

The writer is indebted to Professor D. R. Hoagland for his encourage- 
ment of this work and helpful suggestions, and to Mr. L. W. Tuttle, who 
did the major portion of the analytical work. 

University of California 
Berkeley, California 
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INFLUENCE OF OSMOTIC PRESSURE ON SPORULATION BY 
BACILLUS SUBTILIS 


James L. Egberts, Weldon 0. White and 
Elizabeth Ojerholm 

(with two figures) 

Studies on the physiology of bacterial endospore formation have in many 
cases involved the addition of one or more compounds to a basal medium, 
and a determination of the effect of these upon the percentage of cells ap- 
pearing as spores. The consequences, so far as the spore crop is concerned, 
of the addition of electrolytes (Fitz-Gerald, 5; Fabian and Bryan, 3), fer- 
mentable carbohydrates (Esty, 2; de Smidt, 7), vapors of fat solvents 
(Michailowsky, 6), antiseptics, and many other compounds have been 
studied by this method. 

Among the bacteria, forms can be found which are more resistant to 
great changes in osmotic pressure than are any other forms of life (Falk, 
4). Many species of bacteria, however, in common with other plants and 
animals, are readily affected by changes in the osmotic pressure of their 
menstruum (Curran, 1). It is well known that certain physical properties 
of a medium may influence the degree of endospore formation occurring 
within that medium. According to our best knowledge, little or no work has 
been done to determine the influence of osmotic pressure on sporulation. 
Studies involving the addition of materials of small molecular size could be 
more easily interpreted if there were available more definite knowledge of 
the effect of osmotic pressure on spore formation. The present work was 
undertaken to determine whether osmotic pressure is a factor sufficiently 
important to warrant consideration in future studies of bacterial sporulation. 

Methods 

A 0.5 per cent. Baeto-peptone water was used as a basal medium to 
which the various materials used in raising the osmotic pressure were added. 
The basal solution was prepared in one large vessel and distributed in 25-ee. 
volumes into 6-oz. prescription bottles with screw caps. The following 
materials were then weighed or measured into the bottles of basal solution : 

1. Ten concentrations of KC1 (0.05 M to 0.5 M) 

2. Ten concentrations of Nad (0.05 M to 0.5 M) 

3. Ten concentrations of MgS0 4 

4. Ten concentrations of MgCl 2 (0.033 M to 0.333 M) 

5. Ten concentrations of CaCl 2 (0.033 M to 0.333 M) 

6. Ten concentrations of sodium acetate (0.05 M to 0.5 M) 

7. Ten concentrations of glycerol (0.1 M to 1 M) 
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8. Six concentrations of lactose (0.1 M to 0.6 M) 

9. Ten concentrations of agar (0.01 to 0.1 per cent.) 

10. Ten concentrations or NaCl (0.05 M to 0.5 M) 

in basal medium with 0.1 per cent, agar 

The media were sterilized in 15 pounds of steam pressure for 30 minutes 
and the hydrogen-ion concentrations of the various solutions were then ascer- 
tained to be between pH 6.4 and 6.6. Inoculation was accomplished by two 
drops of a 24-hour peptone water culture of the “K strain’ 7 of Bacillus sub - 
tilis obtained from the culture collection of the University of Texas. The 
cultures were incubated in a horizontal position with the bottle caps loosened. 
The incubation temperature used was 37° C. Under these conditions there 
was little or no pellicle formation. 

Smears were prepared from each of the cultures after two and four days 
of incubation. It was intended that the final pH and osmotic pressure 
values should be determined at the completion of four days of incubation, 
but time did not permit a determination of these until the eighth day. 

The smears were steamed in 5 per cent, aqueous malachite green, de- 
stained with distilled water, and counterstained with 5 per cent, mercuro- 
chrome. Approximately 500 cells were counted on each smear, and from 
these the percentage of spores was calculated. 

In general, growth was not visibly inhibited by the osmotic pressures of 
the solutions we have used in these studies. Osmotic pressures greater than 
23 atm. have not been investigated since only rarely do media contain suffi- 
cient osmotically active materials to produce greater pressures. 

Results 

As would be expected, the pH of most of the media became increasingly 
alkaline to 7.5 to 8.0 during eight days of growth. Those media containing 
glycerol and lactose were exceptions in that they became slightly more acid 
than the uninoculated control media. Because the results of spore counts in 
media containing glycerol and lactose may not be comparable with the results 
obtained in the remainder of the test solutions, they are omitted in future 
considerations. The percentage of sporulation in the presence of each of 
these two materials was lower than with the other chemicals tested. 

Growth of B , sub tilis seemed to cause a slight increase in the osmotic pres- 
sure of the menstruum after eight days of incubation. Since this change was 
always less than one atmosphere, it is considered negligible. 

The curves representing sporulation in any series of media after two 
and four days of incubation (fig. 1) are sufficiently similar to indicate no 
excessively great experimental error in the mechanics of the determinations. 
The gravest danger is in drawing conclusions when so few compounds have 
been studied, and when it has been impossible to completely isolate the effects 
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Eig. 1. Speculation by Bacillus subtilis in peptone broth as influenced by variously 
induced osmotic pressures. 

of the osmotic pressure from the specific effects of the added chemicals. Spe- 
cific influences of the chemicals are evident in the results presented in figure 
1. It will be noted, however, that the various curves have some character- 
istics in common. In view of this, it seemed both fair and helpful to com- 
pound the results from all the media plotted in figure 1. The resulting histo- 
gram is shown in figure 2. 

The percentages of sporulating cells in media containing agar are much 
higher than in other media. Therefore, the results with agar are of little 
value for comparison and are omitted from figures 1 and 2. The osmotic 
pressure of media containing agar has little or no effect upon sporulation. 

The influence of osmotic pressure, at least in the case of B. subtilis, seems 
not to be sufficiently great to warrant serious attention in future spore 
studies. As shown in figure 2, the percentages of sporulation in media with 
osmotic pressures ranging from 2 to 18 atm. are not significantly different. 
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OSMOTIC PRESSURE 


Fig. 2. Composite results (excepting those from media containing agar) showing 
effect of osmotic pressure on sporulation by B. subtilis. 

There does seem to be a slight inhibition of sporulation by pressures above 
18 atmospheres and below 2 atmospheres. 

Department op Agricultural Bacteriology 
The University op Wisconsin 
Department of Botany and Bacteriology 
The University of Texas 
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INFLUENCE OF THE LENGTH OF DAY ON THE DORMANCY 
OF TREE SEEDLINGS 

Felix G. Gustafson 
(with one figure) 

Since the introduction of the term ‘‘photoperioclism 77 by Garner and 
Allard (2), 18 years ago, almost all of the work on the subject has dealt 
with reproductive responses of plants to length of day, and only very little 
with vegetative responses. In fact, until recently it was generally consid- 
ered that photoperiodism had reference only to sexual responses. In 1923 
(3) Garner and Allard, among their other experiments, made some pre- 
liminary observations on the retention of leaves by Rhus glabra and R. copal - 
Una when kept under long days. They found that these plants retained 
their leaves longer under long days than under short days, but eventually 
shed them even under long day conditions. They also noted that Lirioden- 
dron Udipifera plants grown in the greenhouse produced new leaves earlier 
under long day conditions than under short day conditions. Bogdanov (1) 
working near Leningrad shortened the photoperiod of 1- and 2-year-old 
seedlings of several tree species and found that this treatment shortened 
their seasonal growth period. Moshkov (7), also working near Leningrad, 
found the same to be true for the plants he studied. He also found that, 
though a shorter than normal photoperiod shortened the seasonal period of 
growth, the total amount of growth made by the plant per growing season 
was not always decreased. Thus Pyrus ussuriensis and Salix babylonica 
grew more under 10, 12, and 14 hours of daylight than under the normal 
20-hour day. There were also morphological changes brought about by 
changing the photoperiod. The early cessation of growth under the shorter 
than normal photoperiod enabled the wood to ripen and the plants were 
more frost resistant than plants grown under normal length of day. 

From his work with several species of trees, Kramer (5) came to the 
conclusion : “ variation in length of day may, to a considerable extent, control 
the duration of the growing season of certain tree species. 77 In a later paper 
Kramer (6) describes a situation in which a street light caused an increased 
growth period in shrubs; this continued growth prevented the wood from 
maturing, and the stems were winter killed. 

Several years ago the writer became interested in the vegetative response 
of tree seedlings to length of day. At that time some 3-year-old transplants 
of Picea canadensis and Pinus resinosa were brought into the laboratory 
early in the. fall, and potted for class use. After the class was through with 

655 



656 


PLANT PHYSIOLOGY 


the plants, they were kept in the greenhouse for possible use in the spring 
semester. A relatively short time after the plants were brought into the 
greenhouse the white spruce plants began to grow and made an elongation 
of several centimeters, but the pines showed no sign of growth activity. 
Sometime in February or March a few of the dormant pine seedlings were 
placed under 500-watt lamps and given a photoperiod of about 16 hours. 
Within a few weeks these plants commenced to grow, but the plants receiving 
no additional light remained dormant. In fact, the plants given the normal 
day length did not grow in length during all of the following summer. As 
only a few plants were used, no conclusions could be drawn from the experi- 
ments and no further observations were made for 5 years. 

Early in the fall of 1935 one hundred 3-year-old Finns resinosa plants 
similar to the ones mentioned above were brought into the greenhouse and 
potted in 4-inch pots. These plants remained in a low-temperature green- 
house during the winter of 1935-1936. The following summer the plants 
were repotted into 6-inch pots and placed back in the same greenhouse, but 
they made no growth in length during this period, and many died. Early 
in the fall of 1936 twenty-five of these plants were put into a cold frame. 
They were left there until March 5, 1937, when they, together with the re- 
maining plants that had not been exposed to the freezing temperature were 
placed in a warm greenhouse. Of the hundred plants that were potted in 
1935 there were only 39 good plants left; of these 14 had been exposed to 
a freezing temperature, and 25 had remained at a temperature of from 10° 
to 12° C. From the latter group 14 plants were selected, and, together with 
the 14 plants that had been allowed to freeze, were placed in a part of the 
greenhouse where they received only the natural length of day. The re- 
maining 11 plants of the 25 were placed under 500-watt lamps and were 
given a photoperiod of about 16 hours. The temperature was the same for 
the two lots of plants. 

On May 21, the plants were examined. The buds were counted on each 
plant and those that had opened were also counted. On the non-frozen 
plants under the short day conditions, 29.5 per cent, of all the buds showed 
a development of one or more needles. In most of the buds only a few 
needles were produced and there was no elongation of the stem. Only 6 
buds out of a total of 261 grew as much as 1 cm. On the corresponding 
plants given the long days, 87.5 per cent, of all of the buds showed some 
growth. Every apical bud, and on most plants at least two other buds, grew 
as much as one centimeter in length. The plants that had been exposed to 
the outdoor temperature until March 5 and normal greenhouse conditions 
with short days since that time had 87.6 per cent, of all buds open. This 
is the same as for the plants under the light. Every apical bud developed 
and in most plants 2 other buds showed considerable growth. The total 
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growth in length was somewhat greater than that made by the plants under 
the lamps. 

Both lots of plants receiving a normal photoperiod became dormant after 
whatever growth they had made during the first 2 months in the warm green- 
house, and they remained dormant until the middle of the summer when 
they were discarded. On the other hand, the plants exposed to the 16-hour 
photoperiod produced a number of buds and many of these made a second 
growth during the early summer (fig. 1, plant 3). 


1 2 3 

Fig. 1. Pinus resinosa. The three plants are of the same age and were treated 
alike until the fall of 1936 when plant 1 was placed in a cold frame and 2 and 3 left in a 
cool greenhouse. On March 5, plants 1 and 2 were brought into a warm greenhouse, and 
plant 3 was placed in another warm greenhouse and supplied with additional light, giving 
it a photoperiod of approximately 16 hours. Plant 1 grew the amount indicated between 
A and B; plant 2 did not grow at all; plant 3 went through two growth cycles (first it 
grew from A to B, after which, in the early summer, the distance B to C). 

Summary 

It has been found that if Pinus resinosa seedlings are not exposed to 
freezing conditions during the winter, they make either no growth or only 
a very slight growth during the summer, unless exposed to a photoperiod 
of about 16 hours. If this is found to be true in nature, we would expect 
to find Pinus resinosa limited to regions where freezing occurs during the 
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winter. Some of the pine seedlings had two growth cycles when exposed 
to the long photoperiod. 

The writer is interested in hearing from anyone who has first-hand 
information concerning the presence of Finns resinosa in regions where there 
is no freezing temperature. 

Department op Botany 

University op Michigan 
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EFFECT OF DROUGHT ON PROTOPLASMIC ELASTICITY 1 
Henry T . Northen 

It is generally believed that the capacity of a plant to resist drought is 
determined to some extent by the nature of the protoplasm. The data in 
this paper indicate that the elasticity of protoplasm in cells of rye coleoptiles 
increases when moisture is deficient. 

Seeds of spring rye were sowed in two flats. After sowing, both flats 
were thoroughly watered. The soil in one flat was then allowed to dry out, 
whereas the soil in the other flat was kept constantly moist. On the seventh 
and succeeding days after sowing, 6 plants were removed from each flat. 

1 Contributions from the Department of Botany and the Rocky Mountain Herbarium 
of the University of Wyoming, no. 165. 
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After the root systems and leaves which were emerging from the coleoptiles 
were cut off, the coleoptiles with enclosed leaves were centrifuged. Following 
centrifugation the responses of the chloroplasts in cells of the coleoptiles 
were noted. On the eighth and ninth days samples of soil were removed 
from each flat, weighed, allowed to dry at room temperature, and the 
moisture percentages on a dry weight basis were calculated. The data are 
summarized in table I, in which + indicates that the chloroplasts had been 
moved by the centrifugal acceleration whereas 0 indicates that the 
chloroplasts had not been moved. 


TABLE I 

Effect of drought on protoplasmic elasticity 


Days 

AFTER 

SOWING 

Soil 

moisture 

Leaves 

Besponse of CP 
centrifug 

680 x gravity 

FOR ONE MINUTE 

ILOROPLASTS TO 
ATIONS OF 

170 X GRAVITY 

FOR FOUR MINUTES 

in 

CELLS 

NEXT 

TO VEIN 

IN 

MORE 

DISTANT 

CELLS 

IN 

CELLS 

NEXT 

TO VEIN 

IN 

MORE 

DISTANT 

CELLS 

7 

Slightly dry 

Turgid 

+ 

+ 

+ 

+ 

7 

Moist (control) 

c < 

+ 

+ 

+ ' 

+ 

8 

5.9% 

Slightly wilted 

+ 

+ 

0 

0 

8 

18.8 (control) 

Turgid 

■■■■. + 

+ 

+ 

0 

9 

2.8% 

Slightly wilted 

0 

0 

0 

0 

9 

17.1 (control) 

Turgid 

+ 

+ 

+ 

+ 

10 

Moist* 

Turgid 

■ + 

0 

+ 

0 

10 

Moist (control) 

1 1 

+ 

+ 

+ 

0 

11 

Moist* 

Turgid 

! + 

+ 

+■ 

0 

11 

Moist (control) 

C c 

+ 

+ 

+ 

0 


* After the experiment on the ninth day was completed the dry flat of plants was 
thoroughly watered. 


Northen ( 1 , 2 ) has previously demonstrated that protoplasm in cells of 
Zygnema and Spirogyra is an anomalous fluid and hence is probably built 
up of intermeshed linear molecules or micelles. In Spirogyra the velocity 
with which the chloroplasts moved in response to centrifugal accelerations 
was approximately governed by the following equation : 

V = k(c~c 0 ) 

in which V is the velocity of chloroplastic movement, h a constant, c the 
centrifugal acceleration used, and c 0 is the initial starting centrifugal accel- 
eration at which, or below which, the chloroplasts will not move regardless 
of how long the acceleration is allowed to act. 

The data in table I support Northen ’s conclusion that protoplasm is an 
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anomalous elastic fluid. If protoplasm in cells of rye coleoptiles be a true 
fluid the chloroplasts should have been displaced as much with a centrifuga- 
tion of 170 x gravity for 4 minutes as with a centrifugation of 680 x gravity 
for 1 minute. In several instances (table I) the chloroplasts were displaced 
in cells distant from the veins by an acceleration of 680 x gravity but were 
not displaced by an acceleration of 170 x gravity. In such instances the 
initial starting acceleration (c 0 ) for such cells was equal to or greater than 
170 x gravity. Hence when an acceleration of 170 x gravity was used : 

y = &(170-170)=0 or y = fe(170->170) = <0. 

In some instances, however, the chloroplasts were displaced by both accelera- 
tions. At such times the value of c 0 was less than 170 x gravity. Northen 
(2) has found that in Spirogyra the value of c 0 varies from day to day. 

The data in table I indicate that a deficiency of water caused an increase 
in the value of the initial starting acceleration (e 0 ), which was interpreted 
as an increase in protoplasmic elasticity. For example, on the ninth day 
the value of c 0 in cells with a deficiency of water was equal to or greater 
than 680 x gravity whereas for cells with sufficient water the value of c 0 
was less than 170 x gravity. Hence, for cells with a deficiency of water the 
velocity of chloroplastic movement when an acceleration of 680 x gravity 
was used would be : 

V = £(680-680) =0 or V = £(680- > 680) = < 0. 

However, for plants with sufficient water the velocity would be : 

7 = £(6 80 - < 170) = £(> 510). 

The higher the value of c 0 the greater the elasticity of the protoplasm 
and hence the more gel-like would be the protoplasm. Furthermore, it is 
highly probable that the more gel-like the protoplasm the more avidly it 
will retain water. 

It will be noted (table I) that the changes in elasticity occurred in a 
relatively short time. For example, the elasticity of the protoplasm had 
returned to normal in cells adjacent to the veins 24 hours after the plants 
were watered and in all cells 48 hours after watering. The rapidity with 
which the changes in elasticity occurred suggest that in this experiment the 
changes in elasticity were due to orientations of existing molecules or micelles 
rather than to the formation of new substances or the increase in the amount 
of such substances as hemieelluloses. 

University of Wyoming, 

Laramie, Wyoming 
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NOTES 


Annual Election. — The fifteenth annual election of the American Society 
of Plant Physiologists, held during May and June, 1938, resulted in the choice 
of the following officers for 1938-1939 : President, Dr. Walter F. Loehwing, 
State University of Iowa ; vice president, Dr. George W. Scarth, McGill Uni- 
versity ; elected member of the executive committee (term to expire in 1941), 
Dr. E. J. Kraus, University of Chicago; elected member of the editorial com- 
mittee (term to expire in 1941), Dr. Edwin C. Miller, Kansas State Agri- 
cultural College. Many opportunities for service w T ill be presented to the 
membership of the Society, and the officers will appreciate the cooperation 
of all members in promoting the welfare and objectives of the organization. 
The immediate objective is preparation for the Richmond meeting in Decem- 
ber, 1938. Prompt response to requests for service in connection with pro- 
grams and committee assignments will lighten the tasks of those responsible 
for the program as a whole. 

New England Section Meeting. — Although the New England Section 
held its meeting far from the center of distribution of its membership, and 
some members had to travel several hundred miles to attend, yet the meeting 
on the Maine Campus at Orono, Maine, was one of the best meetings the 
section has had. The attendance equaled or possibly exceeded that of pre- 
vious meetings, and afforded evidence of the cooperation and friendship 
which annual sectional meetings can establish. It was a pleasure to all at- 
tendants to participate in the hospitality of Vacationland. 

In addition to the program of papers, there was a symposium on the physi- 
ology of aquatic plants, with Dr. C. W. Muenscher, of Cornell, and Dr. C. 
Cottam, of the United States Biological Survey, as guest speakers. Also, a 
special meeting dealing with the physiological problems of blueberry culture 
preceded the general sectional activities. 

A report by Dr. J. C. Lyon, Dartmouth, on the symposium at Indian- 
apolis on methods of teaching plant physiology, stimulated sectional interest 
in a continuation of this work by a committee of which Dr. Lyon is chairman. 

The section interested itself in the problems of chemurgy, and organized 
a committee with Dr. C. G. Deuber as chairman to consider the objectives of 
chemurgy and the relation of plant physiology to the attainment of those 
objectives. 

The annual dinner was held on the evening of May 13, in Merrill Hall. 
In addition to the address of welcome by President Arthur A. Hauck, there 
was a color motion picture on the Wild Life of Maine by Joseph S. Stick- 
ney, Warden Supervisor of the State Department of Inland Fisheries and 
Game. - 
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Officers for the following year were elected, Dr. Hubert Bradford Vick- 
ery, of the Connecticut Agricultural Experiment Station, being chosen as 
chairman of the section. Dr. Charles J. Lyon is vice-chairman, and Dr. 
Linus H. Jones was re-elected secretary-treasurer. 

The meeting in May, 1939, is scheduled to be held in New Haven. With 
several years of most successful operation, the New England Section is firmly 
established as part of the scientific progress of the region. 

Western Section. — The meeting of the Western Section of the American 
Society of Plant Physiologists, held with the Pacific Division of the A.A.A.S. 
in Balboa Park, San Diego, was particularly successful this year. A four- 
day program offered three sessions for submitted papers, four joint sym- 
posia, and several festive occasions. The sessions were held in the Floral 
Association Building, in cool, well-ventilated, amply equipped rooms. 

The session of Tuesday morning, June 21, was devoted to submitted 
papers on auxins, bud inhibition, polar transport, autonomic exudation cycle, 
and responses to ethylene. In the afternoon, a joint symposium with the 
Western Society of Soil Science considered salinity problems: Salt absorp- 
tion and transport, by D. E. Hoagland and T. C. Broyer,* toxicity and accu- 
mulation of chloride and sulphate salts, by F. M. Eaton ; and the program of 
the U. S. Regional Salinity Laboratory, by 0, C. Magistad. This symposium 
on salt tolerance emphasized the growing importance of salinity problems in 
irrigation agriculture, and the part plant physiology must play in the solution 
of these problems. 

On Wednesday morning plant invasion on the Pacific coast was the topic 
of a joint session with the Botanical Society. Starting with, a discussion of 
early introductions as revealed by study of plant remains in ancient adobe 
bricks, 0. W. Hendry and J. N. Bowman gave a vivid portrayal of the influ- 
ence of the coming of the white man on plant succession in the west. H. L. 
Mason described the source and distribution of recent plant invaders ; and 
C. J. Kraebel discussed the use of introduced species in planting road grades 
and burned areas in forests. M. W. Talbot directed attention to the extent 
to which introduced species have invaded valley and foothill pastures in Cali- 
fornia. In some instances the invaders may form 70 per cent, of the present 
vegetation. Some of the invaders are beneficial, others weedy and detri- 
mental. W. W. Robbins discussed the weed losses of agricultural areas. 

A symposium on cell wall structure, Wednesday afternoon, included 
papers by W. H. Dore, 0. L. Sponsler, James Bonner, W. S. Stewart, and 
A. S. Crafts. The papers presented the development of cell walls from the 
simplest molecular building units to their final role in the functioning plant. 
Particularly interesting and valuable were the results of the use of modern 
chemical, x-ray, and polarization methods of studying cell wall structure and 
the relation of structure to the attendant growth processes. 
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The Thursday morning session included papers on weed control, toxicity 
of insecticides in the soil, and plant-soil relations. The afternoon symposium 
on progress in plant science had noteworthy summaries on plant hormones 
by F. W. Went ; permeability, by L. R. Blinks ; dynamics of photosynthesis 
by W. Arnold; and nature of viruses, by T. E. Rawlins. 

The final session on Friday dealt with plant biochemistry and mineral 
nutrition, and revealed the progress being made with reference to the role 
of metals in the nutrition of plants. 

The dinner for plant physiologists was held Thursday evening. Officers 
for the following year are : Chairman, F. W. Eaton ; vice-chairman, J. R. 
Furr; secretary, A. S. Crafts. 

Life Membership Committee. — The fifteenth award of the Charles Reid 
Barnes life membership will be made at the Richmond meeting. According 
to the constitution and recent ruling by the executive committee, this award is 
to be made to some prominent foreign plant physiologist. The committee as 
announced by president Loehwing is constituted as follows: Chairman, Dr. 
R. H. True, University of Pennsylvania; E. C. Auchter, U. S. Department 
of Agriculture ; D. R. IToagland, University of California ; F. M. Andrews, 
Indiana University; and Sam F. Trelease, Columbia University. 

Stephen Hales Award. — The sixth award of the Stephen Hales prize is 
also to be made during the annual meeting at Richmond. Dr. Hubert Brad- 
ford Vickery, of the Connecticut Agricultural Experiment Station, is chair- 
man of the award committee, with Dr. C. A. Shull, the University of Chi- 
cago, and Dr. K. V. Thimann, Harvard, as members of the committee. By 
tradition the announcement of these awards is made at the annual dinner, 
which is thus made one of the happiest features of the social activities of the 
Society. It is hoped that all plant physiologists attending the meetings will 
find it possible to attend the annual dinner and share in the pleasures of 
that occasion. 

Florence Brown Charlton. — With deep regret we record the death on 
March 31, 1938, of Mrs. Florence Brown Charlton, a member of the Society, 
wife of Mr. Clarence D. Ci-iarlton, at La Salle, Illinois, Mrs. Charlton 
was born in Chicago on December 4, 1904, and was educated in the Chicago 
public schools. After graduation at the Englewood High School, Chicago, 
in 1921, she matriculated at the University of Chicago, where she specialized 
in botany and plant physiology for 5 years. She was repeatedly awarded 
honors and scholarships for excellence of her work in the junior and senior 
colleges, and was graduated with the S.B. degree with Phi Beta Kappa 
honors in June, 1925. 



664 


PLANT PHYSIOLOGY 


Continuing her work in the graduate school, and majoring in plant physi- 
ology, she won her M.S. degree in 1926, and was elected to associate member- 
ship in Sigma Xi. On September 1, 1926, she became a graduate assistant 
at the Pennsylvania State College, which institution she served faithfully for 
10 years. She was advanced to the rank of assistant in botany on October 1, 
1927, and to an instructorship on July 1, 1928. Because of local rulings 
that persons above the rank of instructor could not obtain advanced degrees 
at the Pennsylvania State College while a member of the college staff, she 
remained in the instructorship rank, and worked for her Ph.D. degree, which 
was granted her posthumously at the June, 1938, convocation. She taught 
general botany, and assisted Dr. W. H. Popp in plant physiology, was always 
an excellent teacher, a thorough and hard-working student, a very capable 
investigator. She was joint author with Dr. Popp of several valuable con- 
tributions and reviews on ultraviolet and visible radiations as factors in plant 
response. Her thesis was published in the July, 1938, number of the Amer- 
ican Journal of Botany. 

She was a member of the Botanical Society of America, and the Penn- 
sylvania Academy of Science, as well as of the American Society of Plant 
Physiologists. 

In June, 1936, she resigned her position at the Pennsylvania State College 
to engage in a career of home-making, a career in which she found great 
happiness. To retain her interest in plant physiology, she had been engaged 
temporarily as assistant editor of Plant Physiology, and gave very valuable 
assistance with the October number of 1937. In recognition of her unique 
qualifications for this work, her command of English, and her sense of organ- 
ization, arrangements had been concluded to have her begin a permanent 
connection with the editorial office on July 1, 1938. Action had been ap- 
proved by the executive committee at the Indianapolis meeting, looking 
toward this end. 

The immediate cause of her death was failure to rally after a Caesarean 
operation on March 27 for the birth of a daughter. Blood transfusions were 
given, but failed to save her. She had a fine clear mind, was exceptionally 
competent in all of her services, possessed a rare and beautiful personality, 
and a character above any possible reproach. Such personalities can never 
be replaced in kind, and her loss is felt most keenly by all who had the privi- 
lege of knowing her and working with her. Our sympathy is extended par- 
ticularly to her bereaved husband and his family. 



Annual Review of Biochemistry. — The preparation and publication of 
the Annual Revew of Biochemistry is an outstanding achievement which 
places all biochemists and physiologists under a debt of gratitude to the 
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editors, reviewers, and publishers of this annual volume. Volume VII is 
somewhat smaller than its immediate predecessor because some of the re- 
views contemplated did not come through for publication. The majority 
of the reviews cover the same fields as were covered last year. This is as 
it should be, for we need the summaries of active fields repeated year after 
year. A few new subjects of timely interest are treated in this volume. 

The reviews which are repeated, with or without subdivisions of the 
previous treatment, and with different authorship, are as follows : Biological 
oxidations and reductions, by L. Michaelis and C. V. Smythe; chemistry 
of the crystalline enzymes, by J. H. Northrop and R. M. Herriott; the 
chemistry of the carbohydrates and glycosides, by E. F. Armstrong; the 
chemistry of the acyclic constituents of natural fats and oils, by G. S. 
Jamieson ; the chemistry of amino acids and proteins, by M. Bergmann and 
0. Niemann; the chemistry and metabolism of the compounds of phosphorus, 
by K. Lohmann; carbohydrate metabolism, by H. E. Himwich ; fat metab- 
olism, by F. Verzar; metabolism of amino acids and proteins, by H. A. 
Krebs; the hormones, by 0. Wintersteiner and P. E. Smith; the vitamin B 
group, by R. A. Peters and J. R. O’Brien; vitamin C (ascorbic acid, cevi- 
tamic acid), by R. A. Peters and H. W. Davenport; the fat-soluble vita- 
mins, by J. C. Drummond; nutrition, by H. H. Mitchell; the biochemistry 
of muscle, by E. Lundsgaard; the chemistry of bacteria, by W. H. Peterson 
and M. J. Johnson. In addition, there are seven titles, as follows : The 
metabolism of creatine and creatinine, by K. Thomas; acid-base metabolism, 
by J. Sendroy, Jr. ; liver and bile, by A. C. Ivy and L. A. Crandall. Jr.- 
animal pigments, by R. Lemberg ; the terpenes, saponins, and closely related 
compounds, by W. A. Jacobs and R. C. Elderfield; organic insecticides, 
by F. B. LaForge and L. N. Markwood ; and growth regulators in the higher 
plants, by P. Boysen Jensen. 

The reviews are excellent surveys of the fields covered, and are complete 
enough to keep the reader who depends upon them well informed as to the 
current trends of research, and the philosophy of biochemical interpretation. 
Year by year the Annual Review of Biochemistry has made itself a depend- 
able source of authentic information, and it is recognized as an invaluable 
and indispensable part of the equipment of the biochemist and physiological 
investigator. With author and subject indices, the new volume contains 571 
pages and retails at $5.00 per copy. It can be ordered from Annual Reviews, 
Inc., Stanford University, California. The press work by the Stanford 
University Press is excellent. 

It seems appropriate to call attention now to the fact that an Annual 
Review of Physiology is to be added to the publication activities of Annual 
Reviews, Inc., with cooperation of the American Physiological Society. This 
will permit separation of the reviews that are primarily physiological from 
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those that are primarily biochemical in nature. It is hoped that the new 
departure will be as successful, and as useful to investigators and teachers 
as the Annual Review of Biochemistry has become. 

General Plant Physiology. — A new text book of plant physiology comes 
from the press of Williams and Norgate Ltd., London. The author is E. C. 
Barton Wright, well known to his American friends as the author of 
Recent Advances in Plant Physiology , published by Blakistons in 1930 and 
1933. The new, General Plant Physiology is divided into three parts: The 
general physiology of the cell; metabolism; and growth, reproduction and 
irritability. The six chapter headings of the first part are : The scope of 
physiology; colloids and protoplasm; osmotic pressure and the water rela- 
tions of the plant; permeability ; transpiration ; and the ascent of sap. The 
second part contains seven chapters : Catalysis and enzymes ; photosynthesis; 
the fats; nitrogen metabolism; ash; the transport of solutes; and res- 
piration. The final part has four chapters : Germination ; growth ; repro- 
duction; and irritability and plant movements. There is a brief appendix 
dealing with pH, a general bibliography, and author and subject indices. 
The total number of pages is 539, and the price not including the 15 per 
cent, advalorem duty, is 15 shillings. It is hoped that American plant 
physiologists will extend their acquaintance with the author by using it in 
connection with, courses in plant physiology, and by making it available in 
libraries for the use of students. It contains a great deal of information, 
and reflects the points of view developed in the English laboratories, where 
many very valuable contributions have originated. The author deserves 
encouragement in his attempt to provide a text based upon the more funda- 
mental general physiological processes. Orders may be sent to Williams 
and Norgate Ltd., Great Russell St., London. An American agent may be 
announced later. 

Soilless Growth of Plants. — It was inevitable that the lay interest in 
tray agriculture, or solution culture of vegetables, flowers, and fruits, would 
be capitalized in book form. We record the publication of Soilless Growth 
of Plants, by the Reinhold Publishing Corporation, New York. The authors, 
Carleton Ellis and Miller W. Swaney, are not primarily plant physiolo- 
gists, but private laboratory chemists (Ellis Laboratories, Montclair, New 
Jersey). The language is too “popular” in places, and misrepresents the 
points of view developed in plant physiological laboratories. This, perhaps, 
is to be expected, but the public gets a distorted idea from reading books 
that are not scrupulously accurate at the same time that they are popular 
reading. The reviewer believes that it is not necessary to depart from ac- 
curacy to make plant behavior interesting to the public. 

This work is intended to educate the public in regard to the principles 
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and practices of solution culture plant production. And the public does need 
educating, as is revealed by the case of a man who approached the writer 
and proposed to sink a fortune of $25,000 in tray agriculture by using an 
old barn which could neither be heated nor lighted as the site of his opera- 
tions ! The difficulty is that chemical laboratories are selling salt combina- 
tions to a gullible fraction of the population, on the theory that soilless 
culture of plants is practicable for the ordinary individual. 

There are eight chapters, as follows : Chemistry of plant life ; growing in 
mineral aggregates ; growing in water ; household plant culture ; commercial 
aspects; special chemicals,* common detriments; and nutrient formulas. 

It is written in entertaining style, and will no doubt have many readers. 
Those who contemplate using solution culture methods of growing plants 
should consult, at the same time, the agricultural experiment station bulletins 
which cover this subject with unvarnished accuracy. The statement by 
Hoagland and Arnon, issued in February 1938 by the University of Cali- 
fornia ; Bulletin 636 of the New Jersey Station ; and circular 232, of the 
Indiana Station are recommended as collateral reading. The News Letter 
of the Committee on the Relation of Electricity to Agriculture, number 17, 
June 1938, published at 58 East Washington St., Chicago, contains a series 
of papers from California, Wisconsin, Indiana, and New Jersey, explaining 
Nutrient Solution Culture Methods in an interesting manner. 

The price of the Ellis and Swaney work is $2.75, and it can be ordered 
from the publishers, if not obtainable at local book stores. 

General Physiology. — The third edition of Dr. Philip H. Mitchell ? s 
General Physiology has been issued by the McGraw-Hill Book Co. It has 
been extensively revised for this edition, especially with reference to excita- 
tion, contraction, chemical transmission, membrane structure, permeability, 
physiological oxidations, muscle chemistry, vitamins, hormones, etc. In- 
tended for college students who may have but one course in physiology, the 
emphasis is largely upon animal physiology, although it is called general 
physiology. In many instances, however, the discussion applies just as well 
to plant cells as to animal cells, and is truly general. The reviewer considers 
it an excellent text for the group for which it has been prepared. Each of 
the 25 chapters closes with a literature list of monographs, reviews, and 
journal publications which serves as a guide to extensive reading. The work 
is worthy of attention by all who desire to keep abreast of the progress made 
in the field of general physiology. The quoted price is $6.00 per copy. 

Laboratory Manual of General Physiology. — To accompany the text 
book of general physiology just noted, a laboratory manual has been pre- 
pared by Dr. P. H. Mitchell and I. R. Taylor. The manual contains 254 
exercises, arranged in 21 chapters, the order of which follows the order of 
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presentation of the text. The experiments are outlined in concise form, and 
offer a great variety of laboratory techniques. A good teacher should have 
no difficulty in providing an intensely interesting and valuable course from 
the suggested work. Many more experiments are outlined than can easily 
be performed during a single year, so selection will be necessary. The work 
can be adapted thus the more readily to individual laboratory equipment. 
The price of the manual (142 pp.) is $1.50 per copy. 
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DIURNAL FLUCTUATION IN ROOT PRESSURE 1 

Karl A. Grossenracher 
(with pour figures) 

Diurnal cycles in root activity under constant conditions seem to have been 
first described by Hofmeister in 1862 (7). Other investigators have con- 
firmed his findings ( 1 , 11 ), but in recent years it has been concluded that 
cycles in pressure and exudation were due to temperature fluctuations (Heyl, 
5). On the other hand, studies in this laboratory (9) have substanti- 
ated Hofmeister’s original results, and White ( 10 ) has reported a cycle in 
exudation of excised tomato roots (though he did not control the conditions 
under which he was working) . Complete proof of the existence of autonomic 
cycles has recently been obtained by the author with plants grown and tested 
under controlled conditions ( 4 ) . 

Several theories have been developed to explain the general phenomena 
of root pressure and exudation. For the purpose of this discussion it is 
sufficient to point out that osmotic mechanisms have generally been used. 
Sabinin (8) holds the view that a simple osmotic mechanism is sufficient. 

The general problem is confused by the controversy over the parts played 
by the phloem and xylem in translocation and root pressure. Since these 
measurements extended over periods of several days it seems probable that 
sieve tubes were plugged (Crafts, 3) and that the phloem played little part 
directly in maintaining the observed pressures. Here it is assumed that the 
hydrostatic-pressure system involved is the xylem-manometer system. 

In these studies, plants (Helianthus) were grown in culture solution with 
forced aeration, in a greenhouse. The solution concentration was low, J H — 
(see explanation later) and typically not renewed, so that the plants were 
vigorous and healthy at the time of experimentation and were comparable to 
the “low salt plants’ 5 of Hoagland and Broyer (6), with root systems capa- 

i The experimental work on which this paper is based was carried out at the Univer- 
sity of California (at Berkeley) through the cooperation of the Department of Botany 
and the Division of Plant Nutrition, during the summer months of 1937. 
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ble of very active absorption. On several occasions such root systems main- 
tained pressure for 14 clays, indicating that they were quite healthy, had 
large food stores, and were “ starved ” only in the technical sense of having 
a low salt content. 

A fairly satisfactory experimental technique has been developed : Plants 
were grown in two-quart jars fitted with sintered glass aerators. Small 
bore (1-mm.) u-tube manometers were built so that they might easily be 
fastened to the side of the jar with heavy rubber bands (fig. 1). The small 




Pig. 1. Apparatus used to measure root pressure and respiration; B, regulator on 
suction line; A, absorption column; C, culture vessel (in which the plant was grown) ; S, 
paraffine seal ; M, small bore mercury manometer. 


bore and double action of the u-type manometer gave a convenient method of 
measuring pressure changes with only small change in volume of liquid in the 
xy lem-manometer system (0.004 cc./cm. Hg). Manometers were attached 
to squarely cut stumps with the aid of rubber tubing and crepe rubber tape 
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(“ Sterilastie tape ’ ’ carried by most drug stores) . Such attachments could be 
made to withstand more than two atmospheres of pressure and resulted in a 
minimum of crushing or injury to stems. Except as designated, all solutions 
were balanced nutrient solutions, Hoagland^s solution (KH 2 P0 4 0.001M; 
MgS0 4 0.002M; KN0 3 0.005M; Ca (N0 3 ) 2 0.005M) served as a base. Con- 
centrations are expressed as i H, 1 H, and 4 H, representing fractions or 
multiples of the original solution. During the growing period additions of 
iron and supplementary solution (boron, etc.) were made as needed. Plants 
grown in a greenhouse were transferred to a thermostatically controlled dark- 
room, and pressures were recorded at short intervals (usually 3 hours) under 
constant conditions of light, temperature, and aeration. 

One of the most pronounced effects observed was a diurnal fluctuation 
in pressure which could not be correlated with any change in the environment 
of the plant during the test period. Careful study of thermograph records 
showed that there were slight shifts in temperature during extended periods 
but no diurnal fluctuation could possibly be read into the record for many of 
the days when root pressures showed such fluctuations. 

When it became evident that root pressure did not reach an equilibrium 
under experimental conditions, considerable effort was made to secure as con- 
stant an environment as possible. Tanks of compressed oxygen were used 
to furnish a uniform supply of oxygen for the aeration of solutions. Artificial 
light at several intensities was used and remained as constant as commercial 
electrical service. These improvements did not measurably affect results and 
it is concluded that these plants were capable of maintaining a diurnal cycle 
in root pressure which was not directly related to current conditions but pos- 
sibly controlled by a physiological cycle set up during the growth period in 
the greenhouse. 

Experimentation 

Considerable variability was observed and not all plants showed such 
fluctuations (of special interest was a group of plants which had symptoms 
probably resulting from boron deficiency and which did not show a diurnal 
cycle). Data from three experiments are presented to illustrate some of the 
typical responses observed : 

Experiment I 

“Pure line” seed obtained from Cornell (S-24-150) was used. Plants 
were selected twice during their five-weeks growing period, and were quite 
uniform and vigorous. Setting up of the experiment began at 3 p.m. The 
solutions were changed to i saturated CaS0 4 (ie. O.OOSM?) and i H, manom- 
eters attached, and aerators connected (tank 0 2 ), by 7 p.m. Absorption 
towers for C0 2 were connected at 8 p.m. thus allowing a full hour for the 
solutions to come into equilibrium with the gas stream (the rate of gas flow 

Wa,S well ahfWA (YTIA T\AT* LaTIyA PvaDOlTPACI TTrAWA 
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hours and respiration determined for six-hour (later twelve-hour) intervals. 
Data are presented graphically in figure 2, each curve representing the average 



TIME 

Fig. 2. Boot pressure and respiration of 5-week-old sunflower plants. Solid lines 
represent averages obtained in balanced nutrient solution j broken lines represent averages 
obtained in dilute solution of CaS0 4 . 

for five plants. Values for individual plants were determined and plotted, 
but showed the same trends as the averages. 

It is apparent from the curves that plants transferred to a fresh dilute, but 
balanced, nutrient solution respired appreciably more and developed much 
more root pressure than those transferred to dilute CaS0 4 . In fact the 
manometers used did not have sufficient capacity (1 meter H g) to measure the 
pressure produced by four of the five plants, and no significant measurement 
was made for a period of about forty-eight hours while mercury was being 
forced back into the manometers and allowed to come to equilibrium again. 

Subsequent readings may have been affected by the loss from the root systems 
of a considerable volume of exudate immediately following the “blowing out” 
of the manometers. Even with this treatment a fairly distinct diurnal fluc- 
tuation is evident in the root pressure values. Plants in dilute CaS0 4 had 
lower root pressures than those in complete nutrient solution and they main- j 

tained a diurnal fluctuation well into the sixth day. In neither case did the j 

plants show a consistent relation between root pressure and respiration. i 

Respiration values for both groups dropped rapidly during the first twenty- 
four hours and then leveled off with the complete-solution group maintaining 
a 20 to 50 per cent, higher rate. 

Experiment II 

Groups of three similar plants five weeks old were treated in the following 
manner, five days before the experiment was set up: The first group 
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on root pressure. 

was left undisturbed {i.e., the solution contained the unused portion of i 
H solution in which the plants were grown), while other groups received 
additional nutrient salts equivalent to \ H, 1 II, and 4 H. Those treated with 
full strength solution showed the highest pressure. The untreated ones 
gave the lowest and most constant readings while those treated with 4 H 
developed a fairly high pressure but failed to maintain it. All four groups 
showed diurnal fluctuations. 

After three days the oxygen was turned off (all groups of plants) and the 
jars sealed with paraffine. The curves (fig. 3) show that root pressure was 
definitely affected in about one day. By taking values from the previous 
respiration curve it was calculated that the root systems were using about 25 
cc. of oxygen per day. The solution contained about 12 cc. (assuming satu- 
ration), and a small space between the solution and cork was filled with oxy- 
gen which, however, could move into the solution only very slowly, as there 
was no stirring, and convection currents would be greatly reduced in a ther- 
mostated room. Thus it is indicated that under these conditions Helianthus 
roots may maintain root pressure until the rate of oxygen supply is greatly 
reduced, but that the pressure falls when oxygen becomes too low or the car- 
bon dioxide partial pressure too high. 

Experiment III 

The root pressure of four groups of three plants each were measured for 
two days and then additions were made equivalent to i H, 1 H, and 4 H, and 
readings taken at short intervals (fig. 4). It should be noted that the time 
scale is greatly increased, and the changes are rapid. In the three eases in 
which additional salts were used, a sharp decline in pressure was observed ; 
its magnitude, however, was not quantitatively related to the osmotic value 
of added salts. In less than two hnm*s all -nres«nrp« wat»a -rieinrv ■v'd-rG/U-rr 
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Pig 4. The effect of addition of nutrient salts on root pressure (addition made two 
days after manometers were attached). 

In seven hours all reductions had been completely overcome. Again full 
strength solution gave maximum response, forcing the mercury out of the 
manometers. The 1 H solution used has an approximate osmotic value of 0.7 
atmosphere. If we assume for convenience that its actual value is 50 cm. of 
Hg we see that the reduction produced by the J H solution was in the same 
order as that expected as a result of simple osmosis but that the reductions 
produced by either 1 H or 4 H solution was only \ of that expected. 

Discussion 

An explanation of root pressure in terms of a simple osmotic mechanism 
seems impossible in the presence of a diurnal cycle because : first, it would be 
necessary to assume that solutes (organic or inorganic) were periodically 
released into and removed from the sap ; second, since the volume of liquid 
in the xylem-manometer system changes in the same way that the pressure 
changes, it follows that water must be entering and leaving at the same time 
solutes do ; third, to be effective osmotically, changes in solutes must occur 
in the same regions in which water enters and leaves. 
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When electrolytes are added to the external solution (exp. Ill) there is 
an apparent osmotic effect (the sudden decrease in pressure). A stimulating 
effect of the added salts soon overcomes this in the case of active plants and 
builds the pressure up again. The first response may in reality be simply 
osmotic. The subsequent rapid rise in pressure must be the result of water 
entering the xylem system, and if this water enters in response to osmotic 
force it must be entering while the salts are becoming continuously more 
concentrated. 

From these considerations it seems clear that if we assume a simple 
osmotic mechanism to be responsible for these changes in root pressure we 
are forced to admit : 

(1) that water and solutes must enter and leave the xylem system 

together, i.e., as a solution. 

(2) That such movement cannot be due to osmotic force and hence our 

original premise is incorrect. 

Boot pressure, then, is not caused simply by the difference in osmotic 
values of the xylem sap and the external solution, but must be caused by some 
other forces in the root system which control and activate this movement. 
Evidently the mechanism of the diurnal cycle is in some way related to the 
mechanism responsible for root pressure. Yet, it has long been established 
that under many conditions there is a relation between root activity and 
respiration. Several such correlations are apparent in these experiments 
but the diurnal cycle of root pressure was not shown to be paralleled by a 
cycle in respiration. If such a cycle exists, its magnitude is probably less 
than that of root pressure. 

Changes in permeability might explain fluctuations in exudation alone 
(8) but will not explain pressure fluctuations in a simple osmotic system since 
they would affect only the rate of change of pressure and not its equilibrium 
values. 

If, however, a complex osmotic system be postulated the above reasoning 
breaks down. It may be argued that with increasing pressures solutes are 
released into the xylem sap in localized areas (cells or parts of cells) and that 
water enters in response to osmotic force in the immediate vicinity, while with 
decreasing pressure solutes could either be reabsorbed or merely diffuse out. 
In this ease the cycles could be explained as a shifting balance between the 
two opposing processes. This is not, however, a simple osmotic mechanism 
and it would be impossible to speak of the osmotic value of the internal 
solution as it would in reality consist of a whole series of concentration 
gradients being constantly upset by diffusion and mass flow of sap resulting 
from movement of water and changes in pressure. It would be exceedingly 
difficult to obtain direct evidence to prove or disprove such a theory. 

Bennet-Clark, Greenwood, and Barker (2) and others have concluded 
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that in potential growing tissues there is “positive water secretion” from the 
protoplasm into the vacuole in addition to the “osmotic pressure of the 
vacuole.” Whatever the mechanism of such secretion is, it is becoming 
increasingly clear that some such process must be involved in many phases of 
the movement of water in living tissues. In root pressure it seems probable 
that such a force may operate in either direction and will, in addition to the 
osmotic forces involved, determine the pressure. 

It would be pretentious to list those who have in some way contributed to 
this brief paper, but I wish to thank them for their help, especially for 
criticism of the discussion. 

The University of California 
Berkeley, California 
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FOLIAR DIAGNOSIS : ITS RELATION TO THE OPTIMUM 
NUTRITION OF THE POTATO 1 

Walter Thomas 
(with seven figures) 

Introduction 

The principles and application of the method of foliar diagnosis have 
been described in detail in a recent paper (8) using as illustrative material 
potato plants growing on seven plots of tier 1, section B, of the long con- 
tinued Vegetable Fertility Plots of the Department of Horticulture of the 
Pennsylvania Agricultural Experiment Station. The plots examined in the 
previous paper, familiarity with which is assumed in the present paper, 
were: — N (plot no. 2), P (plot no. 3), K (plot no. 4), NP (plot no. 6), NK 
(plot no. 7), PK (plot no. 8), and NPK (plot no. 10). 

t The yields of tubers f^om the highest yielding plots previously reported, 
viz., NK (plot no. 7) and NPK (plot no. 10), were considerably below the 
yields from the manure plot (no. 15) and were also below the yields from 
certain plots from the adjacent tier 2, which received complete mineral fer- 
tilizers also, but differed in the quantities and ratios applied. The plot (no. 
15) treated'with rotted horse manure at the rate of 30 tons per acre (600 
lb. per 1/100-acre plot) has consistently outyielded the other plots. The 
plants growing on this manure plot which have shown good development 
throughout the season, accordingly, may be regarded as well nourished and 
at or nearing the optimum for the soil and climatic conditions prevailing 
in this region (7). 

‘ In this paper the relation of the foliar diagnosis of the best commercial 
fertilizer treatments to that of this manure plot (plot no. 15, tier 1) will be 
examined. 

Materials and methods 
Plots with treatments and yields 

The experimental plan as described by Mack (1) is as follows: — “The 

area is laid out in four sections, 245.8 feet wide and 308.4 feet long 

Each of the sections is divided into six tiers, The tiers are 

further divided into seventeen plots, the dimensions of which are 12 by 36.3 
feet, and which are separated from each other by guard strips 6 feet wide. 
The area of the plots, exclusive of guard strips, is exactly 1/100 of an acre.” 

Table I lists the plots examined and discussed in this paper together with 

i Authorized for publication as Paper no. 795 in the Journal Series of the Pennsyl- 
vania Agricultural Experiment Station. . • • • 
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their fertilizer treatment and yields of tubers for the year 1935. The treat- 
ment and yields of the plots reported in the first paper of this series (8) 
also are given for comparison. 


TABLE I 

Plot numbers, treatments, and yields of tubers 





Amount 

N, RA, 

AND KoO 

Symbol 

Yields* 

Tier 

Plot 

Treatment 

APPLIED 
TO PLOT 

EQUIVA- 

AND RATIO 




LENT 






lb. 

lb. 


lb. 





4.62 



1 

15 

Rotted horse manure 

600t 

3.08 

15: 10: 12.3 1 

196 





3.78 



• 2 ; 

8 


C Nitrate of soda 

Superphosphate 

4.0 

9.375 

0.6 

1.5 

N(1.5P)K 

6: 15: 8 

176 




[ Muriate of potash 

1.666 

0.8 


2 

12 

\ 

[Nitrate of soda 

Superphosphate 

4.0 

6.25 

0.6 

1.0 

NP(1.5K) 

6: 10: 12 

' 

174 




[ Muriate of potash 

2.499 

1.2 


2 

16 


[Nitrate of soda 

Superphosphate 

8.0 

13.5 

1.2 

2.0 

2(NPK) 

12: 20: 16 

170 




[ Muriate of potash 

3.332 

1.6 



n 

\ 

[ Nitrate of soda 

4.0 

0.6 

NK 

163 

A 

( 

1 

[ Muriate of potash 

1.666 

0.8 

6:0:8 



: 1 

[ Nitrate of soda 

4.0 

0.6 

NPK 

6: 10: 8 


1 

10 


Superphosphate 

6.25 

1.0 

162 



! 

[ Muriate of potash 

1.666 

0.8 


2 

4 

\ 

[Nitrate of soda 

Superphosphate 

6.0 

6.25 

0.9 

1.0 

(1.5N)PK 

9: 10: 8 

157 




[ Muriate of potash 

1.666 

0.8 


1 

4 

\ Muriate of potash 

1.666 

0.8 

K 

155 



: 1 

[ Nitrate of soda 

2.0 

0.3 

0.5 (NPK) 

6 : 10: 8 


2 

14 

\ 

Superphosphate 

3,125 

0.5 

150 



! 

Muriate of potash 

0.833 

0.4 


1 

8 

1 Superphosphate 

6.25 

1.0 

PK 

148 


\ Muriate of potash 

1.666 

0.8 

0 :10:8 

1 

17 

f Nitrate of soda 

4.0 

0.6 

NP 

124 

1 

1 

( Superphosphate 

6.25 

1.0 

6 : 10: 0 

1 

3 

! Superphosphate 

6.25 

1.0 

P 

114 

1 

2 

Nitrate of soda 

4.0 

0.6 

N 

109 





* The yields are per plot of 1/100 acre each, 
t Containing 65.7 per cent, moisture. 

t Ratio is on a basis of percentage in 1000 lb. per acre of complete fertilizer. 


Batios OP N, P2O5, AND K 2 0 IN THE FERTILIZERS APPLIED 

The fertilizer applied to plot no. 10, tier 1, has been designated the 
“standard” fertilizer (1). The “standard” fertilizer applied in the pres- 
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ent experiments at a rate such as to apply 60, 100, and 80 lb. of N, P 2 0 5 , and 
respectively, per acre is commonly designated as a 6:10:8 fertilizer 
reflecting the ratios in which the “ entities’ ’ are present. The amounts and 
ratios of N : P 2 0 5 : K 2 0 used on the other plots are given in table I. 

The ratios given in table I for the horse manure are not comparable with 
the ratios given for the commercial fertilizers. There is no known chemical 
in vitro way of determining the availability of N, P 2 0 5 , and K 2 0 in manure. 
The amounts and ratios given in table I for manure assume complete avail- 
ability of all the N, P 2 0 5? and K 2 0 present. This is not the ease. Very 
little of the phosphoric acid and nitrogen is soluble in water, although nearly 
the whole of the potash may be. On the other hand, the amounts of phos- 
phorus and potash fixed by the soil from manure is negligible in comparison 
with the amounts fixed from the salts present in commercial fertilizers. The 
availability of the commercial fertilizer added to a soil is contingent upon 
many properties of the soil (2, 4, 5, 6). 

Since all the plots examined in this paper have received as dressings all 
three elements — nitrogen, phosphorus, and potassium — the mode of nutri- 
tion of well-nourished plants is being explored. The physiological differ- 
ences examined, therefore, are those of plants the yields of which are in the 
higher ranges, whereas in the previous paper (8) the physiological differ- 
ences examined were those of plants the yields of which ranged from poor 
to good. 

Sampling of the leaves 

This was carried out in the same manner as previously described. For 
a complete discussion of method and principles of sampling the earlier paper 
(8) should be consulted, but for convenience a brief outline is presented 
herewith. Leaves of the same rank (physiological or metabolic age) were 
taken at each sampling date from all of the plants along a row lengthwise 
of each plot. Successive rows were then sampled in like manner on each, 
successive sampling date. The leaves chosen from each plant were those 
immediately above the caducous leaves at the base of a stalk. 

In the present experiment the fourth and fifth leaves were taken from 
two stems issuing directly from the mother tuber of the fourteen plants con- 
stituting a row. The samplings were carried out on four dates during July 
and August, 1935, consecutive rows in each plot being sampled on each 
successive sampling date. 

It has already been pointed out (8) that the number of samplings is arbi- 
trary, but at least four should be taken. The number of leaves sampled 
from each plant also is immaterial but the number should not differ too much 
from one plant to another. The development of the plants on each plot 
should be homogenous so that the leaves selected are representative of the 
plants on the plot. 
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Presentation of results 

The results of the analysis of the leaves constituting the foliar diagnosis 
are shown in table II expressed as (a) percentages of N, P2O5, and K 2 0 in 
the dried foliage, (b) milligram equivalents, and (c) the NPK-unit ( ie the 
N-P 2 0 5 "K 2 0 equilibrium). 

It is again emphasized that the graph for any treatment is an analytical 
characteristic of the chemical condition (state) of the selected leaf of plants 
growing on that plot at the time of sampling. The chemical condition is 
referred to as the percentage of dry matter in the leaf. Neither the number 
of leaves sampled from each plant nor the weight of the dry matter are taken 
into consideration in the method of foliar diagnosis. 

Discussion and interpretation of results 
NPK-Unit 

The 'NPK-unit concept and the method of derivation has been given in 
an earlier paper (8). 

The NPK-unit represents the equilibrium between nitrogen, phosphoric 
acid, and potash in the leaf considered at the moment of sampling. The 
manner of derivation of the NPK-unit indicates that it is independent of the 
values of s (column 5, table II), and which represents the total quantity 
(or intensity) of nutrition at the moment of sampling. 

Consequently, the NPK-unit is a magnitude which expresses the quality 
of nutrition as distinguished from the quantity factor ($). However, al- 
though these two magnitudes are abstractly distinct, they are inseparably 
connected in the physiological processes of the leaf and must, therefore, be 
considered simultaneously. 

In table II the composition of the NPK-unit is represented by the values 
of X, Y, and Z, shown in the last three columns. For each simultaneous 
value of X, Y, and Z there is one point and only one point on an equilateral 
triangle of sides = 100. 

Indications given by the graphs 

Graphic representation with percentage of elements as ordinate 
and dates of sampling as abscissa. — Figure 1 shows the graphic represen- 
tation of the foliar diagnosis of the plants growing on these plots with the 
percentage of N, P 2 0 5j and K 2 0 as ordinate and the dates of sampling as 
abscissa. 

The facts brought out from an examination of the plants growing on the 
plots reported in the previous paper (8) are true also for the plants growing 
on the plots examined in the present paper. The graphs (foliar diagnosis) 
of the differently fertilized plots which have given diverse yields show a 
regularity which is related to the nature of the different fertilizers in that 



TABLE II 

Composition op leaves op bank 4 and 5 at periodic intervals in terms op percentage op N, P 2 0 5 and K 2 0 in dried foliage, milli- 
gram EQUIVALENTS, THE NPK-UNIT, AND THE SUM (N + P 2 0 5 + K 2 0) 
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(1) the percentages of nitrogen, phosphoric acid, and potash found in the 
dried foliage reflect the differences in the quantity of the particular element 
applied in the sense that response to a particular element (as deduced from 
the development and yield) is shown by a corresponding increase in the 
percentage of that element in the dried foliage; (2) the graphs for nitrogen, 
phosphoric acid, and potash, respectively, show by their relative forms and 
relative positions with respect to the corresponding graphs in the other plots 
the difference in the nature (“chemism”) or course of nutrition with respect 
to these elements which is correlated with the different fertilizers. 

Thus differences in the slopes of two graphs from one sampling date 
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Fig. 1. Values of the dominant elements (expressed in percentage of the dried 
foliage) at different sampling dates in leaves from plants receiving the different treat- 
ments indicated. 
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to the next indicate differences in the relations of demand for a particular 
element by the plant to supply of that element to the plant. Hence, if the 
graph of an element does not sensibly decrease with time, this fact would 
indicate that the particular element is in relative excess or “bottled up” in 
the leaf. 

Characteristics of the graphs. — (a) Nitrogen graphs . — The graphs of the 
2 (NPK) plot (no. 2-16) and the (1.5 N)PK plot (no. 2-4), both of which 
received higher nitrogen applications than the other plots, are higher than 
the other graphs during the first two periods correlated with which is a 
higher development of the aerial parts. This higher content of nitrogen, 
however, has not resulted in giving the highest yields of tubers. 

The nitrogen graphs of the 0.5 (NPK) plot (no. 2-14), the N(1.5 P)K 
plot (no. 2-8), and the NP(1.5 K) plot (no. 2-12) are similar in position 
but not always in form. The position of the nitrogen graph of the NPK 
plot (no. 1-10) is (as we should predict from the facts of the reciprocal 
effects of the elements on the absorption of nitrogen) intermediate to the 
graphs of 2 (NPK) and (1.5 N)PK on the one hand, and of N(1.5 P)K and 
NP(1.5 K) on the other. 

The graph for the highest yielding plot — the manure plot (no. 1-15) — 
is unique. The graph for nitrogen is lower than that for any of the above 
plots at the first sampling date (July 7), but higher than any except that 
of the 2 (NPK) plot at the last sampling date (August 24). 

As already stated, the relative steepness (slope) of the graphs is an index 
of the relative rates of demand and supply of the particular element, a very 
steep descent indicating a greater demand on the selected leaf relative to 
supply. The relatively small slope, therefore, of the nitrogen graph of the 
manure plot (no. 1-15) suggests that the supply, although not at a very 
high level at the beginning of the sampling (July 7) relative to some of the 
other plots, continuously keeps pace with the demand by the plant through- 
out the whole period. 

Although 2 (NPK) (no. 2-16) contains twice as much nitrogen as that 
of the “standard” fertilizer NPK, the increase in yield has not been notable 
and in (1.5 N)PK (no. 2-4) an actual decrease in yield is recorded com- 
pared with the “standard” fertilizer. And at the beginning of vegetation 
the nitrogen contents of 2 (NPK) (no. 2-16) and (1.5 N)PK (no. 2-4) are 
identical. 

It would be correct accordingly to conclude that since a content of nitro- 
gen in the leaf in 1935 of 4.86 per cent, was sufficient to give the highest 
yields obtained, that the content of 5.35 per cent, in 2(NPK) (no. 2-16) 
is in excess, but that the buffer capacity of the plant has prevented any 
injury to the yield in 2(NPK) (no. 2-16) but may have been injurious in 
(1.5 N)PK (no. 2-4) on account of reducing the P 2 0 5 content of the leaf. 
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There is accordingly a relationship between the quantity of nitrogen in 
the leaf and nitrogen in the fertilizer, but there is no relationship between 
the quantity of nitrogen in the leaf and the yield nor between nitrogen in 
the fertilizer and the yield. 

(b) Phosphoric acid graphs . — The graphs for the N( 1.5 P)K plot (no. 
2-8), the 2(NPK) plot (no. 2-16) and the manure plot (no. 1-15) are 
higher than those of any of the other plots during the first two periods, after 
which greater demand relative to supply causes the graphs of these three 
plots to fall below those of three other plots. The graphs of the aforemen- 
tioned plots are similar in form except that the slope of the graphs for the 
manure plot (no. 1-15) shows the same characteristic as that of the nitrogen 
graph for this plot, viz., a high level of supply adequate for the demand 
throughout the whole period. 

The graphs for the NPK plot (no. 1-10) and that for the NP(1.5 K) 
plot (no. 2-12) have nearly the same form and position. 

On the other hand, the graph for the (1.5 N)PK plot (no. 2-4) descends 
below that of the NPE graph (no. 1-10), suggesting that the increment of 
nitrogen has occasioned a decrease of phosphoric acid in the leaf resulting 
in a reduction of the yield. 

It is significant in this connection to observe that an increment of phos- 
phoric acid in the fertilizer and reflected in the leaf [cf. N(1.5 P)K (no. 
2-8) with NPK (no. 1-10)] and also an increment in the potash in the ferti- 
lizer and also reflected in the leaf [of, NP(1.5 K) (no. 2-12) with NPK 
(no. 1-10)] have in both cases resulted in increased yields by reducing the 
nitrogen content of the leaf. 

In 1935 a content of phosphoric acid in the dried leaf of 0.68 per cent, 
in the early stages of vegetation has been sufficient for maximum growth. 
In N(1.5 P)K (no. 2-8) the content of P 2 0 5 has somewhat exceeded this 
without detriment, however, to the yield. 

Accordingly, there is a relationship between phosphoric acid in the leaf 
and its presence in the fertilizer. There is, however, no relationship between 
phosphoric acid in the leaf and the yield and none between the quantity of 
phosphoric acid in the fertilizer and the yield. 

(c) Potash graphs . — The graphs for the 2 (NPK) plot (no. 2-16), the 
NP(1.5 K) plot (no. 2-12), the manure plot (no. 1-15), and the N(1.5 P)K 
plot (no. 2-8) are higher than any of the other plots throughout the whole 
period. It is significant, too, that these four plots are the highest yielding 
plots in tiers 1 and 2. The graphs for the three first mentioned plots are 
similar in form but not in position. The relatively very steep slopes of the 
graphs of the 2(NPK) plot (no. 2-16) and also of the manure plot (no. 
1-15) during the first period indicate a greater demand on the potash rela- 
tive to supply to the plants growing on these plots. Commencing with the 
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second period, accumulation of potash ( ‘ ‘ luxuskonsumption ’ J ) (3) occurs in 
the leaves of plants growing on these plots. 

In the commercial fertilizer plots a content of potash of 7.79 per cent, 
in the dried foliage at the earlier stages of vegetation has been sufficient for 
maximum yields. The potash content of the leaves of 2(NPK) has exceeded 
this limit by about 1 per cent., but has not resulted in a serious reduction in 
the yield. 

The buffer capacity of the plant, therefore, is very great with respect to 
potash in plants receiving all three elements, nitrogen, phosphorus, and 
potassium. This is probably one reason for the success of complete ferti- 
lizers, although they may not be properly equilibrated. 

There is, accordingly, a relationship between potash in the leaf and pot- 
ash in the fertilizer, between the quantity of potash in the leaf and the yield, 
and between potash in the fertilizer and the yield. 

In the earlier paper (8) 'it was pointed out that the basic assumption in 
field plot experiments is that the factors other than those introduced are 
nearly equal. On this basis the development and yield is related to the 
composition of the leaf with respect to nitrogen, phosphoric acid, and pot- 
ash. The equilibrium between these elements will now be examined. 

Graphic representation op the course op nutrition as shown by the 
respective composite NPK- units .—The relationship of the N-P 2 0 5 -K 2 0 
equilibrium to yields of tubers is readily shown by means of graphs in which 
the NPK-unit i s plotted at each successive sampling date in trilinear coordi- 
nates. 

The derivation of the composite NPK-unii, which indicates the equilib- 



PiG. 2. Mean N-P 2 0 5 -K a equilibrium (mean NPK~units) of leaves from plants 
receiving the different treatments indicated. 
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riimi between N-P2O5-K0O at the moment of sampling, has been given in an 
earlier paper (8). The composition of the NPK-units at each sampling 
date for each of the plots is given in the last three colnmns of table II. 

Mean NPK-unit and mean intensity of nutrition.— The relationships to 
each other of the NPK-units of leaves from plants growing on the respective 
plots can be shown at a glance by means of a point (fig. 2). Any one point 
is the coordinate of the mean NPK-units at the successive sampling dates of 
the fourth leaf from plants growing on a particular plot. These points are, 
therefore, the mean values of X, Y, Z given in table II and correspond to 
the center of gravity (C.G.) of the detailed diagrams given in figures 4, 5, 
6, and 7. 

The intensities of nutrition of the leaves of plants growing on the respec- 
tive plots are plotted in figure 3. These are the sums of the percentages of 



Fig. 3. Intensities of nutrition with advancing age of leaves from plants receiving 
the different treatments indicated. 

(N + P2O5 + K2O) in the dried foliage at successive dates. The values at 
any sampling date correspond to the magnitude s (column 5, table II). 

The mean NPK-unit together with the mean intensities of nutrition are 
tabulated in table III together with the absolute and relative yields. 

Relation of foliar diagnosis to yields of tubers . — These “complete” fer- 
tilizer plots can be divided into three groups according to the position of the 
point representing the mean NPK-unit on the triangle (fig. 2). 
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Group A consisting of the manure plot (no. 1-15) and the N(1.5 P)K 
plot (no. 2 - 8 ) having the highest yields occupying a position on the triangle 
between groups B and C. 

Group B consisting of the NP(1.5 K) plot (no. 2-10) and the 2(NPK) 
plot (no. 2-16) occupying a position on the triangle below and to the left 
of the manure and N(1.5 P)K plots. The displacement of this group rela- 
tive to the manure plot is towards the left base apex of the triangle repre- 
senting K 2 0 = 100, and further away from the summit of the triangle rep- 
resenting N = 100, and from the right base apex representing P 2 O 5 = 100. 

Group C consisting of the NPK plot (no. 1-10), the (1.5 N)PK plot 
(no. 2-4) and the 0.5 (NPK) plot (no. 2-14) occupying a position on the 
triangle also to the left of the optimum (manure) plot, but higher up in the 
triangle. The displacement of this group relative to the optimum (manure) 
plot is towards the summit representing N = 100, and farther away from the 
left base apex representing K 2 0 = 100 , and from the right base apex repre- 
senting P 2 O 5 = 100 . 

Course of nutrition as indicated ly changes in NPK-unit at each succes- 
sive sampling . — The displacements, from one sampling date to another, of 
the NPK-unit of the leaves selected from plants growing on the respective 
plots are given in figures 4, 5, 6 , and 7. 

Such diagrams show the changes in the equilibrium between nitrogen, 
phosphoric acid, and potash (NPK). The detailed graphs for all the plots 
cannot be shown in the same triangle as in figure 3 — in which the mean 
NPK-unit s are shown by a point— because of the intersection of lines repre- 
senting plots, the NPK-unit s of which are located too near one another. 

(a) General characteristics of the graphs . — The zigzag nature of these 
displacements of the NPK-unit s from one sampling date to another are the 
result of the influence of meteorological factors, and it is of particular im- 
portance to note that the influence of these factors on the N-P0O5-K2O 
equilibrium of a plot varies with the treatment it has received. 

The changes in the N-P2O5-K2O equilibrium during the first period (July 
7 to 29) result in increasing the nitrogen and phosphoric acid in the NPK- 
unit at the expense of the potash in every treatment. These changes are not 
equal quantitatively. They are greatest in manure (no. 1-15), less in NPK 
(no. 1-10), 2 (NPK) (no. 2-16), NP(1.5 K) (no. 2-12), and in 0.5(NPK) 
(no. 2-14), and insignificant in N(1.5 P)K (no. 2-8) and (1.5 N)PK (no. 
2-4). 

No generalization is apparent from these results. The phenomena de- 
scribed are concurrent with a marked rise in the mean daily temperature 
and satisfactory conditions with respect to water supply ( 8 , table III) — 
conditions favorable to an increase in the biological processes in the soil. 
This period is accompanied by the greatest development of aerial parts of 
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During the second period (July 29 to August 9) the changes in the 
N-P2O5-K2O equilibrium are neither alike qualitatively nor quantitatively. 
In N(1.5 P)K (no. 2-8) and also in 2(NPK) (no. 2-16) and NPK (no. 
1-10) decreases in the nitrogen and phosphoric acid in the NPK-unit take 
place; whereas in (1.5 N)PK (no. 2-4) an increase in nitrogen and a 
decrease in phosphoric acid and potash in the NPK-unit occurs, with prac- 
tically no change in 0.5 (NPK) (no. 2-14) and manure (no. 1-15). 

Again, no generalization is apparent. The phenomena are concurrent 
with a drop in mean daily temperature and relatively low precipitation 
(8, table III). 

During the last period (August 9 to 24) the changes in the N-P2O5-K0O 
equilibrium are in the direction of a decrease in the nitrogen and phosphoric 
acid in the NPK-unit at the expense of the potash in all treatments. The 
changes in the NPK-units are not quantitatively the same. They are rela- 
tively large in manure (no. 1-15), 2 (NPK) (no. 2-16), and in NP(1.5 K) 
(no. 2-12), and medium in the others. The changes are concurrent with 
relatively dry conditions and an increase in the mean daily temperature 
(8, table III). 



Fig. 4. Course of nutrition as indicated by changes in N-P 2 0 5 -K 2 0 equilibrium 
(NPK-units') with advancing age of leaves from plants growing 011 manure and NPK 
plots. Numerals indicate successive sampling periods. 

(b) Course of nutrition in group A — manure {no. 1-15) compared with 
N(1.5 P)K (no. 2-8). — The yield of tubers from the manure plot (no. 
1-15) is much higher than from the N(1.5 P)K plot (no. 2-8). The NPK- 
unit of N(1.5 P)K (no. 2-8) is located nearer that of manure (no. 1-15) — 
the optimum plot — than those of any of the other plots. In fact the NPK- 
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Fig. 5. Course of nutrition as indicated by changes in the N-P 2 0 3 -K 2 0 equilibrium 
of leaves from plants growing on 0.5(NPK) and N(1.5P)K plots. Numerals indicate 
successive sampling periods. 

units of (no. 1-15) and (no. 2-8) lie so close together that if this factor 
be considered alone one would expect the yields to be more nearly equal. 
The fact that the intensity of nutrition of this commercial fertilizer plot is 
much lower than that of the manure plot is significant, and illustrates the 
necessity of considering both the quality and quantity of the mineral nutri- 



Fig. 6. Course of nutrition as indicated by changes in the N-P 2 0 5 -K»0 equilibrium 
of leaves from plants growing on (1.5N)PK and 2(NPK) plots. Numerals indicate 
successive sampling periods. 
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tion. It will be seen from column 3, table II, that this lowered intensity of 
nutrition is principally due to a too low potash content in the case of plants 
growing on the N(1.5 P)K plot. 

Except at the third sampling the graph for N(1.5 P)K (no. 2-8) is 
displaced higher on the triangle and slightly to the left in relation to the 
graph of the optimum (manure) treatment. There is accordingly more N, 
less K 2 0, and somewhat less P 2 0 5 in the NPK-unit of N(1.5 P)K (no. 2-8) 
than in the NPK-unit of manure (no. 1-15). 



Pig. 7. Course of nutrition as indicated by changes in the N-P^Os-KoO equilibrium 
( NPK-units ) with advancing age of leaves from plants growing on (1.5N)PK and 
NP(1.5K) plots. Numerals indicate successive sampling periods. 

(c) Course of nutrition in group B — NP(1.5 K ) (no. 2-12) and the 
2(NPK) (no. 2-16). — In comparison with the optimum graph (manure) 
the NPK-units of this group contain with the exception noted less N, less 
P 2 O 5 , and more K 2 0. (During the first period N in the unit of NP(1.5 K) 
is greater than in manure (no. 1-15).) 

(d) Course of nutrition in group C — (1.5 N)PK (no. 2-4), NPK (no. 
1-10), and 0.5 (NPK) (no. 2-14).— The graphs of (1.5 N)PK (no. 2-4) 
and of 0.5 (NPK) (no. 2-14) are displaced a little higher toward the apex 
N = 100 per cent, than that of the NPK (no. 1-10). As already indicated 
the displacements differ quantitatively. Notable is the 30 per cent, increase 
in the phosphoric acid in 0.5 (NPK) (no. 2-14) during the first period. 

(e) Accommodation of the plant to diverse nutritional equilibrium . — 
The yields from the N(1.5 P)K plot (no. 2-8) and the NP(1.5 K) plot 
(no. 2-12) are relatively close together. However, the intensities and the 
NPK-units of the two are very different, which may be interpreted to indi- 
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cate that the cultivated plant is able to accommodate itself to very diverse 
nutritional equilibriums with but little (if any) effect on the yield, provided 
that the various equilibriums are accompanied by a sufficient intensity of 
nutrition. 

Summary 

1. The investigations reported earlier (8) have been extended to other 
plots of the vegetable fertility experiments of the Pennsylvania Agricultural 
Experiment Station. 

2. The plots examined in this paper were treated with rotted horse 
manure, and also with complete commercial fertilizers differently equi- 
librated. 

3. The indications given by the two methods of graphic representation 
(8) are described in detail and the foliar diagnosis of all plots compared 
with that of the optimum (manure) plot. 

4. The intensity of nutrition (mean) and the composition of the mean 
NPK-unit (8) of the fourth leaf of potato plants growing in the manure plot 
is 10.35 and 65.0:5.72:29.3, respectively. This intensity and composition 
of the NPK-unit is tentatively regarded as being near the optimum for the 
potato (variety Rural Russet) in this year. 

The writer desires to express his thanks to Dr. Warren B. Mack for 
taking the leaf samples. 

Laboratory of Plant Nutrition, Department of Horticulture 
The Pennsylvania State College 
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EFFECTS OF A LIMITING ELEMENT ON THE ABSOBPTION OF . 

INDIVIDUAL ELEMENTS AND ON THE ANION: CATION 
BALANCE IN WHEAT 1 

A.G. McCalla and E . K . Woodford 
(with five figures) 

Introduction 

Interrelations of the various elements involved in the absorption of min- 
erals by green plants are among the major problems in plant nutrition. 
Many types of investigation have been carried out and there is available a 
vast literature on the effect of one ion on another, the differential absorption 
of ions in single salt solutions, and the accumulation of individual ions. The 
general effect on absorption of limiting one element has been given some atten- 
tion, and during the past few years has been under investigation in this 
laboratory. 

The experiments reported in this paper are concerned with the effects 
of limiting individual elements on the relative absorption of other elements, 

and on the general balance in the wheat plant, 

cation 

There are a number of published results dealing with other phases of 
nutrition which could be recalculated to yield data of the same type as those 
discussed in this paper. There are some which have a direct bearing on the 
present discussion, and while no attempt at a complete review has been 
made, a brief summary of some of these findings is given. 

A comprehensive report of the work of Lundegardh and his associates 
is given in a monograph by Lundegardh (8). It is impossible to mention 
many of the individual results, but interrelations of many important nutri- 
ents under conditions of limited supply of one or more of them could be 
calculated from the data presented. Unfortunately, the nitrogen results are 

not included, so that the calculation of • ai * ratios is impossible. The in- 

cation 

terrelations discussed by Lundegardh are chiefly those among the cations. 
Increased absorption of calcium, magnesium, and sodium was observed under 
conditions of limiting potassium supply, but phosphorus (the only anion 
studied) was not affected. Little or no consistent variation was noted in the. 
ratio of magnesium to calcium. When nitrate was limited there was no 

1 From the Department of Field Crops, University of Alberta, with financial assistance 
from the National Research Conncil of Canada. Paper no. 143 of the Associate Com- 
mittee on Grain Research of the National Research Council and Dominion Department 
of Agriculture. 
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apparent effect on phosphorus, but the potassium content of the plants was 
much reduced. 

The question of absorption and interrelations of nutrients has been 
further discussed by Lundegardh (9). Many of the cation interrelations 
are discussed, and particular attention is drawn to the antagonisms which 
may exist, and to the effect of one nutrient in modifying the concentration 
of another within the plant under various conditions of external concen- 
tration. 

Interrelations of pairs of elements have received considerable attention 
at the Eesearch Institute of Plant Physiology of the Imperial College (3). 
The limitation of chemical analyses to the two elements under investigation 
restricts the comparison of these with our results ; but the effect of gradual 
reduction of one or both elements on the uptake and distribution of the two 
is of interest. A discussion of the detailed results is out of the question here. 
It should be mentioned, however, that Gregory considers that, at low con- 
centrations, the absorption of an element is largely dependent upon its 
external concentration. 

Many examples of interrelations are to be found in the literature. Dikus- 
sar (2) reported that when nitrogen was supplied in the form of ammonium 
there was a depression of the absorption of other cations, the effect being par- 
ticularly noticeable with potassium. At the same time the absorption of 
phosphorus was increased. Supplying nitrogen as nitrate increased the 
absorption of cations and depressed that of phosphorus. The effect of am- 
monium in depressing the absorption of calcium by tobacco was shown by 
Jacobson and Swanback (6). It was also demonstrated (14) that when 
magnesium sulphate w r as added to a medium previously without magnesium, 
there was a reduced absorption of potasium and calcium, the latter being 
forced out into the solution. Many workers have found that phosphate fer- 
tilizers increase the phosphorus, and often decrease the nitrogen content of 
plants. Chapman (1) reported that a nitrogen deficiency caused phosphorus 
to accumulate in the plant even when the soil was low in phosphorus. 

The relations of anions and cations in movement of solutes within the 
plant are discussed by Jacques (7). He found a consistently higher equiva- 
lent concentration of cations than of anions, but he does not include nitrogen 
in his calculation of anions. 

The uptake of five of the principal elements by lucerne (12) and corn 
(13) has been studied by Radu. A large number of molecular ratios are 
presented, but these are all for plants grown under similar conditions. Al- 
though the magnitude and trend of some of the ratios are quite different for 
the two types of plants, there is a marked similarity in the ratio of total 
anions to total cations. This similarity is also exhibited by results reported 

by Stephenson (15). The mean — ^ 4 °— ratio for grasses was much the 
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same as for legumes despite marked differences in nitrogen and calcium con- 
tent, and consequently in ratios between pairs of individual nutrients. 

Material and methods 

Five series of wheat plants, all but the first having been grown in water 
cultures, are considered in this paper. The details of production, collection, 
and analysis of most of the material have been described elsewhere, so only 
a brief description of each series is given here. Unless otherwise stated, 
the plants were grown during the spring and summer. Except for series I, 
where only the above-ground parts were analyzed, results are for the whole 
plant. 

Series I was grown under field conditions in 1934. The material desig- 
nated “complete” in the results was grown at Edmonton on fertile black 
loam soil, and that designated “limiting nitrogen and sulphur” was grown 
at Fallis, 50 miles west of Edmonton, on relatively infertile gray podsolic 
loam. Analyses were made on eight individual replicates of each of two 
varieties of wheat grown on the two soils. Details are given by Woodford 
and McCalla (17). The values given in this paper are means for the two 
varieties. 

Series II was grown in water cultures in 1936, and included “complete” 
and “limiting nitrogen” ( T V complete) solutions. All solutions were made 
up in distilled water, and adequate precaution was taken to insure against 
deficiency of any element other than nitrogen. Limited nitrogen was com- 
pensated for by equivalent increases in phosphorus. Analyses were made 
on duplicate samples at five stages of development. Details are given in 
another paper (11). 

Series III was a supplementary series grown in water cultures for 35 
days in the fall of 1936. All material received a complete solution for the 
first six days, after which the six solutions used were as follows: nitrogen- 
f ree ; limiting nitrogen at -fa and -fa of the complete ; complete ; limiting 
phosphorus at fa of the complete ; and phosphorus-free. Limited nitrogen 
or phosphorus was compensated for by equivalent increases in the other 
nutrient. There were no other changes in the solutions. At the end of the 
35 days the whole crop was harvested and analysed. 

Series IV was grown in water cultures in 1934, and included “complete” 
and “limiting potassium” (fa of complete) solutions. Although several 
different conditions of limitation were employed, only that in which limited 
potassium was compensated for by an equivalent increase in calcium is 
here considered. Tap water, containing a small amount of sodium, was 
used in making up these solutions. The first seeding of this series, on which 
analyses were made at three stages, was unfortunately lost as a result of an 
accident in the greenhouse when the plants were 44 days old. A second seed- 
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ing was made, and the plants analyzed at 31 and 54 days of age. The results 
for the two seedings are recorded separately. Details regarding this series 
are given in an earlier paper (10). 

Series V was grown in water cultures in 1936 and included “ complete” 
and “limited calcium 77 (-gV of complete) solutions. The reduction in cal- 
cium was compensated by an equivalent increase in potassium. Duplicate 
analyses were made at five stages of maturity. The same general procedure 
was used in production, and the same methods of analyses as for series II. 

For all the material grown in water culture, the complete solution used 
was Hoagland's complete nutrient solution made up as follows: 5 cc. of 
molar Ca(N0 3 ) 2 , 5 cc. of molar KN0 3 , 2 cc. of molar MgS0 4 and 1 cc. of 
molar KH 2 P0 4 per litre of solution. Ferric tartrate at the rate of 1 cc. 
of 0.5 per cent, per litre was added every third or second day during the 
experiment. 

Results 

Analytical results from these studies are here confined to a minimum. 
Most of the detailed results have been published elsewhere (10, 11, 17), and 
for the purpose of the present discussion are unnecessary. 

In calculating the ratios, two assumptions had to be made. The first 
was that nitrogen is absorbed as an anion, and, except for the first experi- 
ment, this is the only justifiable assumption, since all nitrogen was supplied 
as nitrate. While this is not proof that it is absorbed as such, it seems 
certain that nitrate was absorbed in large quantities, because it formed an 
appreciable proportion of the total nitrogen of the complete culture plants 
at all stages, and over 50 per cent, of the nitrogen in the leaves and stems at 
maturity. The field-grown material of series I also contained small amounts 
of nitrate, and since the various ratios in field- and culture-grown material 
were much alike, it was assumed the nitrogen was absorbed as nitrate. The 
second assumption was that phosphorus is absorbed as a divalent anion, an 
assumption which is possibly not as sound as the first. The reason for this 
assumption was that in all earlier culture experiments the pH of the solu- 
tions very rapidly reached and was maintained at approximately 7.2. At 
this pH more phosphate is in the form of HP0 4 = than in the form of H 2 P0 4 “. 
An accurate allowance for the two forms was impossible, since there were 
differences in pH from time to time and from culture to culture. If it had 
been assumed that the absorption of phosphorus took place as the univalent 
H 2 P0 4 ~ the results and conclusions would have been only slightly affected 
by this change in procedure. In only one specific instance (series III) was 
a marked difference in the pH of different solutions found, and this is dis- 
cussed in its place. 

The term “limiting' 7 is used in this paper because the effects of moder- 
ate limitation of an element are much more striking than those of a mod- 
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erate excess. In series II, for example, the solution termed “limiting nitro- 
gen might have been designated “excess phosphorus.” Similarly in the 
other water culture series, the solutions might have been designated by the 
element in excess rather than by that in limitation. This is not true of 
series I because there was no excess phosphorus in the podsol ; in fact this 
element was definitely lower than in the black loam. 

All ratios presented in the following sections are on a chemically equiva- 
lent basis. 

Limiting anions 

Series I. Limiting nitrogen and sulphur under field conditions 
A summary of the analytical results for wheat grown under conditions 
of complete (black loam soil), and limiting nitrogen and sulphur (podsolic 
loam) nutrition is presented in table I. The ratios between individual pairs 
and between various combinations of nutrients are presented in figure 1. 
These results are for the above-ground parts only of the plant. 

TABLE I 

Nutrient content as percentage dry matter of wheat 
Series I 


Nutrient 


Soil nutrients 


Nutrient content 


Time from seeding (days) 



29 

48 

64 

90 

115 


% 

% 

% 

% 

% 

Complete* 

5.62 

3.96 

2.24 

1.40 

1.46 

Limiting N and St 

5.23 

1.88 

1.08 

0.86 

0.94 

Complete 

1.30 

1.00 

0.73 

0.64 

0.42 

Limiting N and S 

1.10 

0.44 

0.31 

0.30 

0.30 

Complete 

0.93 

0.60 

0.37 

0.28 

0.24 

Limiting N and S 

1.23 

0.82 

0.52 

0.46 

0.48 

Complete ..." 

4.38 

4.08 

2.88 

1.16 

0.78 

Limiting N and S 

3.69 

2.72 

1.92 

0.97 

0.70 

Complete 

0.90 

0.60 

0.34 

0.25 

0.20 

Limiting N and S 

0.72 

0.35 

0.20 

0.13 

0.16 

Complete 

0.40 

0.23 


0.06 

0.08 

Limiting N and S 

0.28 

0.11 


0.06 

0.07 


Nitrogen 

< i 

Sulphur (S0 4 ) 

< i 

Phosphorus (P 2 0 5 ) 

i c 

Potassium 

a 

Calcium 

( ( 

Magnesium 


* Fertile black loam soil, 
t Relatively infertile gray podsolic loam. 

The most striking feature of the results is the low nitrogen and sulphur 
content and the correspondingly higher phosphorus content of the wheat 


grown on the podsol. All cations were lower in the plants with limited 
nitrogen and sulphur, but there was no indication that any of these, except 
possibly calcium to a slight extent, was limiting development. This is more 
clearly seen from the ratios in figure 1. The limited uptake of nitrogen 
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TIME FROM SEEDING , DAYS 

Fig. 1. The effects of limiting nitrogen and sulphur on various equivalent ratios, 
series I. 

and sulphur in relation to phosphorus is clearly evident in these graphs. 
It is evident also that sulphur was slightly more limiting than nitrogen. 

The ratios involving cations show that there was no marked difference 
in the proportion of potassium, calcium, and magnesium taken up from the 
two soils. Thus, although all cations were lower in the plants grown on the 
podsol, this lower level was apparently more closely related to the reduction 
of total anion absorption than to any relative deficiency in cation supply. 
Despite the relatively large differences in nitrogen, sulphur, and phos- 
anion 

phorus, the total — balance in the plants grown on the podsol was fairly 

well maintained both by the increase in phosphorus and the decrease in 
cation absorption. It must be stressed here that although only percentage 
results are presented in table I, the ratios are not affected by differences in 
general level of yield. Therefore, while the total amount of phosphorus 
absorbed by the plants growing on the podsol was actually lower than that 
absorbed by the others, the relative absorption was much greater. Simi- 
larly, the total weight results (17) show that the actual cation absorption 
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from the podsol was only about one-fourth that from the black loam, but the 
relative cation absorption, while less, was not nearly so much less as the 

weight figures might suggest at first glance. The balance has been 

briefly discussed by Woodford and McCalla (17). The general effect of 
limiting nutrients on this balance is better discussed after the presentation 
of the results from the other series. 

Series II. Limiting nitrogen under culture conditions 

A summary of the results for series II is presented in table II, and the 
various equivalent ratios in figure 2. 

TABLE II 

Nutrient content as percentage dry matter of wheat 
Series II 


Nutrient 


Solution 


Nutrient content 


Time from seeding (days) 



29 

42 

54 

66 

92 


% 

% 

% 

% 

% 

f Complete 

4.88 

3.70 

2.39 

2.03 

1.95 

( Limiting N 

3.72 

2.37 

1.57 

1.27 

1.01 

f Complete 

2.92 

2.34 

1.83 

1.36 

1.57 

{ Limiting N 

3.13 

2.61 

2.09 

2.09 

2.71 

f Complete 

1.20 

1.00 

0.73 

0.60 

0.88 

| Limiting N 

1.48 

1.50 

1.23 

1.11 

1.24 

f Complete 

7.20 

5.40 

3.41 

2.77 

2.43 

{ Limiting N 

6.53 

4.56 

2.94 

2.43 

1.57 

( Complete 

0.66 

0.52 

0.38 

0.49 

0.45 

{ Limiting N 

0.54 

0.40 

0.27 

0.28 

0.30 

( Complete 

0.15 

0.23 

0.18 

0.16 

0.20 

( Limiting N 

0.12 

0.12 

0.08 

0.11 

0.14 


Nitrogen 

Phosphorus (P 2 0 5 ) 

Sulphur (SO*)-..'. 

Potassium 

Calcium 

Magnesium 


Before discussing the ratios, attention must be drawn to the much higher 
phosphorus values for this series than for series I, and the consequent lower 

nitrogen an( j — ratios. The most likely explanation would seem 

phosphorus phosphorus 

to be that increased phosphorus uptake resulted from the exclusion of other 
anions when the solutions were made up in distilled water. It has been 
reported (14) that when chloride is absorbed, the phosphorus content of the 
plant decreases, and it seems likely that, with the virtual exclusion of anions 
except nitrate, sulphate, and phosphate from the solution, the increased 
phosphorus absorption compensated for other anions usually absorbed. 

The form and trend of the curves for —f— ratios are the same as 

phosphorus 
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k 




SERIES JL 

COMPLETE 

NITROGEN LIMITING 


TIME FROM SEEDING , DAYS 

Pig. 2. Tlie effects of limiting nitrogen on various equivalent ratios, series II. 


for series I, but the - and - 77—^— ~ ratios are, of course, quite 

; sulphur phosphorus 

different, since sulphur was not limiting in this series. Limiting nitrogen 


had a negligible effect on the ; 


sulphur 


ratio, as the percentage results in 


' phosphorus 

table II show that limiting nitrogen increased the relative uptake of both 
phosphorus and sulphur. There was little effect on the ratios of cation to 
cation, so that the positions of the curves for the two treatments in the 


nitrogen 

cation 


and 


S + P 

cation 


graphs are determined by the anion absorption. 


The — ; Qn balance was but slightly affected by the nutrition during the 

first half of the growth period. The sharp upward swing of the curve for 
limited nitrogen plants can be discounted considerably, because a large pro- 
portion of the marked phosphorus increase (table II) was in the roots only, 
and there is good reason to believe that probably most of this increase was 
due to phosphorus deposited on the surfaces of the roots. These roots 
yielded ash solutions which were brown with iron salts, but most of this 
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iron had apparently not been absorbed, and was probably deposited on the 
surface as iron phosphate. Had the importance of this effect been realized 
at the time of analysis, allowance could probably have been made for it. 
anion 


The fact that the 


- ratio in the mature limited-nitrogen plants is high, 


cation 

instead of low as in series I, adds evidence in favor of the idea that not all 
of the phosphorus was absorbed. 


Series III. Limiting nitrogen and phosphorus under 
culture conditions 

The results for series II appeared so definite that it was decided to check 
them by using a graded series of nitrogen and phosphorus concentrations. 
Owing to the short period of time during which good light conditions were 
available in the fall, and to the limitation of space for different treatments, 
these plants were grown only for 35 days. The analytical results are pre- 
sented in table III and the various ratios in table IV. The compensating 


TABLE III 

Nutrient content as percentage dry matter of wheat 
Series III, all 35 days from seeding 


Nutrient 

Nutrient content 

Solution 

N-free 

(after 

6 DAYS) 

Limiting 

N (A 

COM- 

PLETE) 

Limiting 
N (A 

COM- 

PLETE) 

COMPLETE 

Limiting 

p (A 

COM- 

PLETE) 

P-FREE 

(AFTER 

6 DAYS) 


% 

% 

% 

% 

% 

% 

Nitrogen 

2.50 

3.18 

3.47 

3.91 

3.74 

3.77 

Phosphorus (P 2 0 5 ) 

6.61 

5.99 

4.32 

3.38 

0.62 

0.51 

Sulphur (SO*) 

2.40 

1.68 

2.25 

1.56 

1.20 

1.17 

Potassium 

5.38 

5.24 

5.79 

5.69 

4.87 

3.95 

Calcium 


0.19 

0.26 

0.54 

0.28 

0.28 

Magnesium 

0.30 

0.17 

0.29 

0.33 

0.24 

0.29 


effect of phosphorus under low nitrogen conditions is definitely borne out 
by these results. Under limiting phosphorus nutrition the reverse effect 
was not observed, but there was a decided depression (due in large part to 
potassium) in the amount of total cation absorption. 


The 


amon 


cation ra ^ os were constant; only under the two most limit- 

ing nitrogen conditions were they definitely higher than for the complete. 
In these solutions, however, the pH values were decidedly lower than that of 
the complete, the difference being as great as from 5 to 7.2. This difference 
may have had an effect on the form in which phosphorus was absorbed, and 
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TABLE IV 

Equivalent ratios 
Series III 


Batio 

; 

Nutrient content 

Solution 

N-free 

(after 

6 DAYS) 

Limiting 

N(* 

COM- 

PLETE) 

Limiting 
N (A 

COM- 

PLETE) 

Complete 

Limiting 

P<A 

com- 

plete) 

P-PREE 

(AFTER 

6 DAYS) 

N/P 

0.96 

1.34 

2.04 

2.93 

15.5 

18.4 

N/S 

3.57 

6.47 

5.27 

8.65 

10.8 

11.2 

S/P 

0.27 

0.21 

0.39 

0.34 

1.43 

1.65 

N/cation 

1.07 

1.44 

1.34 

1.39 

1.68 

1.94 

S/cation 

0.30 

0.22 

0.25 

0.16 

0.16 

0.17 

P/cation 

1.12 

1.07 

0.66 

0.47 

0.11 

0.11 

K/Ca + Mg 

3.50 

5.52 

3.96 

2.68 

3.70 

2.65 

Anion/eation 

2.49 

2.73 

2.25 

2.03 

1.95 

2.21 


an ion 

a recalculation of the ratios, assuming phosphorus to be absorbed as 

H 2 P0 4 _ ? makes the levels for the various treatments more nearly uniform, 
the values for the complete and N-free plants being 1.79 and 1.93. 

Both the compensating effect of phosphorus and the generally uniform 
anion-cation balance are illustrated by the bar diagrams in figure 3. 
Equivalent percentages, rather than equivalents absorbed, are plotted in 


03 


iu 

K 

i 

P: 

k 

$ 

s 

pr 

kl 


02 


o.t 


Q-ty 


Q2 h 



SERIES nr 

Pig. 3. The effect of limiting nitrogen on the and ratios, series III. 

N cation * 
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order to eliminate the differences in level of yield from the various treat- 
ments. The relative relationship wonld be unaltered by plotting weights 
instead of percentages. 

The absorption of nitrogen and phosphorns was roughly parallel to the 
concentration supplied in the culture solution, especially in the limiting 
nitrogen cultures. Calculations of the actual milligrams of nitrogen and 
phosphorus absorbed shows that under no treatment was the absorption of 
the limited element reduced to a level corresponding with the reduction in 
concentration supplied; nor was the absorption of the element in excess 
increased to a level corresponding with the increase in concentration. 
Furthermore, while the concentration of nitrogen in the low phosphorns 
solutions was higher than in the complete, the absorption was definitely less. 
In the plants grown in these solutions the ion balance was maintained by 
decreased cation absorption, so concentration could have played little part. 

Limiting cations 

Series IV. Limiting potassium under culture conditions 
A s um mary of the analyses of plants in series IV is presented in table V, 
and the equivalent ratios in figure 4. These results cover the first 54 days 


TABLE V 

Nutrient content as percentage dry matter op wheat 
Series IV 




Nutrient content 

Nutrient 

Solution 

Time prom seeding (days) 

First seeding 

Second seeding 



20 

31 

44 

31 

54 

Nitrogen 

( Complete 

[ Limiting K ... 

% 

5.52 

4.93 

% 

5.43 

4.76 

% 

4.98 

3.92 

% 

4.30 

3.82 

% 

3.54 

2.87 

Phosphorus (P 2 0 5 )... 

C Complete 

( Limiting K ... 

3.93 

3.29 

2.86 

2.51 

2.39 

2.38 

1.53 

1.58 

L03 

1.10 

Potassium 

( Complete 

6.38 

0.88 

7.06 

6.13 

5.68 


\ Limiting K ... 

2.14 

1.99 

1.49 

1.80 

1.80 

Calcium 

f Complete 

0.58 

0.72 

0.74 

0.70 

0.57 


( Limiting K ... 

0.94 

1.14 

1.30 

1.18 

1.14 

Magnesium 

f Complete 

0.36 

0.32 

0.32 

0.30 

0.30 


( Limiting K ... 

0.54 

0.49 

0.53 

0.41 

0.46 


of development only, and are for two sets of plants as described in the sec- 
tion on material. In general, the percentage results were higher for the 
31-day-old plants of the first set than for those of the second, but the ratios 
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SERIES JST 


COMPLETE 

• ♦- 

POTASSIUM 

LIMITING 


TIME FROM SEEDING , DAYS 

Fig. 4. The effects of limiting potassium on various equivalent ratios, series IY. 


are, for the most part, in excellent agreement, and indicate that the error of 
culture technique was relatively low. 

The limitation of potassium resulted in an increased relative absorption 
of both calcium and magnesium, but the proportions of the two divalent 
cations was unaffected. These results are in agreement with those already 
cited (14) and with those of Hoagland ( 4 ), who points out that very few 
cases of interrelations between potassium and magnesium have been 
reported. 

While the ratios were irregular over the period of the experi- 

phosphorus 

ment, there was little if any significant difference as a result of potassium 

limitation. In this series, as in series II and III, the — - ratios 

phosphorus 

were much lower than those found under field conditions. While tap water 
was used in making .up these solutions, the only anion whose concentration 
was appreciably increased by this procedure was sulphate, which was con- 
stant for the different solutions. 

The relations between anions and potassium, anions and calcium and 
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magnesium, and anions and total cations again emphasize the tendency for 

t ] ie anl — balance in plants growing under restriction of one nutrient to he 
cation 

maintained by increased absorption of other ions of the same sign. The 

difference between the two curves for - a - ^° — ratios might have been much 

cation 

less had sodium been determined. Sodium was, present in the tap water, 
and although it appears that the normal, completely nourished wheat plant 
absorbs comparatively little sodium (5, 8), one limited as to potassium 
supply may decidedly increase this absorption (8) . 

Series V. Limiting calcium under culture conditions 

A summary of the analytical results for series V is presented in table VI, 
and the equivalent ratios are given in figure 5. 

TABLE VI 

Nutrient content as percentage dry matter of wheat 
Series Y 




Nutrient content 

Nutrient 

Solution 

Time from seeding (days) 



29 

42 

54 

66 

92 



% 

% 

% 

% 

% 

Nitrogen 

C Complete 

4.88 

3.70 

2.39 

2.03 

1.95 

| Limiting Ca ... 

4.62 

2.98 

2.35 

2.01 

1.78 

Phosphorus (P 2 0 5 )... 

\ Complete 

| Limiting Ca ... 

2.92 

2.68 

2.34 

2.19 

1.83 

1.61 

1.36 

1.79 

1.57 

1.47 

Sulphur (S0 4 ) 

f Complete 

| Limiting Ca ... 

1.20 

1.14 

1.00 

0.80 

0.73 

0.77 

0.60 

0.74 

0.88 

1.07 

Potassium 

\ Complete 

7.20 

5.40 

3.41 

2.77 

2.43 


( Limiting Ca ... 

5.29 

4.15 

3.30 

3.13 

2.39 

Calcium 

( Complete 

0.66 

0.52 

0.38 

0.49 

0.45 


| Limiting Ca ... 

0.31 

0.27 

0.15 

0.18 

0.17 

Magnesium 

f Complete 

0.15 


0.18 

0.16 

0.20 


( Limiting Ca ... 

0.18 


0.21 

0.22 

0.38 


The limitation of calcium resulted in increased relative absorption of 
both potassium and magnesium, with the increase in magnesium consider- 
ably the greater. Sodium did not enter the cation balance of this series 
because distilled water was used in all solutions. 

The limitation had no effect on the - ratio. The • - ratios 

phosphorus calcium 

were much higher for the plants limited as to calcium than for the complete, 



708 


PLANT PHYSIOLOGY 



30 60 90 JO 60 90 30 60 90 


TIME FROM SEEDING , DAYS 

Pig. 5. The effects of limiting calcium on various equivalent ratios, series V. 

but the compensating effect of magnesium and potassium reduced the dif- 
ferences in — - ratios to a relatively low level. The general effects of 
cation 

limitation were, therefore, of the same nature as in all other series. 

Discussion 

Most of the material used in this study was produced for purposes other 
than those discussed, and while the experiments reported in this paper deal 
with absorption and interrelations of various nutrients, it is recognized that 
they have little in common with the precise, short-period absorption experi- 
ments carried out by Steward (16) and others. There is here no possi- 
bility of dealing with absorption as distinct from growth. Obviously, most 
of the nitrogen, a large part of the phosphorus and sulphur, and some part, 
at least, of the cations determined, are in metabolized form. The results 
as here reported give the total absorption over definite periods, and as such 
reflect the interrelations of the various nutrients regardless of the exact 
mode of absorption, or the external and internal factors affecting this 
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process. The nature of our experiments makes any application of the 
results to the mechanism of absorption unwarranted. 

Under conditions of growth which were similar, except for the mineral 
nutrition, there was a consistent tendency toward a maintained balance 
between anion and cation absorption. In all except the field-grown series I, 
the plants receiving different treatments were grown together under the same 
conditions of light, temperature, etc. 

The ion balance was always decidedly in favor of the anions, regardless 
of the nutrition of the plant. This balance is directly the opposite of that 
discussed by Jacques (7), and the difference is, of course, accounted for 
by our inclusion of nitrate in calculating the ratios. In this work the in- 
terest is in the uptake of nutrients from the soil, while Jacques discusses the 
movement from cell to cell within the plant. "While a complete discussion 
of this question is out of order here, it must be stated that we cannot accept 
the reasoning of Jacques, particularly if this is extended to the absorption 
of nutrients from the soil. Nitrogen cannot be neglected in absorption, nor 
can absorption from the soil be assumed to take place as equal amounts of 
NO3- and NH 4 + . It is sufficient to say, perhaps, that it is difficult to recon- 
cile the presence of nitrogen-containing organic acids and the coincident 
movement of a strong hydroxide at the pH’s which Jacques regards as 
obtaining in the cells under discussion. The argument that nitrogen is 
present in higher equivalent concentration than the total cations is in agree- 
ment with most of our results ; but ion exchange, which is casually dismissed 
by Jacques, may account for the preponderance of anions over cations. 
As already mentioned, our results do not permit the drawing of any con- 
clusions regarding mode of absorption, but in any case, the reasoning of 
Jacques as applied to absorption by higher plants does not make adequate 
provision for the uptake of nitrogen. 

The other definite result obtained is the effect of a limiting nutrient in 
increasing absorption of another ion of the same sign or in decreasing the 
total absorption of ions of the opposite sign. If nutrients were absorbed 
independently, or if cations had no effect on anions, there seems to be no 
good reason why the limitation of nitrogen, for example, should be so con- 
sistently accompanied by increased absorption of phosphorus or decreased 
cation absorption. The nearly equivalent compensation by phosphorus of 
the limited nitrogen uptake in series III indicates that phosphorus absorp- 

anion 

tion was increased to maintain a fairly definite — : — balance. In the 

cation 

limiting phosphorus cultures of series III the balance was maintained by a 
decrease in cation absorption, while in series I both of the factors were 
operative. 

Another possible explanation of some of our results, particularly those 
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of the limited nitrogen cultures in series III, is that the absorption of an 
element by the plant depends on the external concentration of the element. 
Thus high phosphorus absorption by plants grown in limited nitrogen solu- 
tions would be the result of increased concentration of phosphorus rather 
than of decreased absorption of nitrogen. Certainly where concentrations 
are low, there is a direct relation between absorption over short periods and 
external concentration (3). This explanation of the results cannot be en- 
tirely dismissed, since in many of our experiments it is impossible to sepa- 
rate the two effects, but in many other instances of apparent compensation, 
concentration effects must have been very secondary. A brief consideration 
of a few such cases may be in order. 

The higher phosphorus absorption by the plants grown on the podsol 
(series I) was in no way related to concentration, because both total and 
available phosphorus were lower in the podsol than in the fertile black loam 
from which the plants removed relatively much less phosphorus. 

The fact that more phosphorus was absorbed from solutions made up in 
distilled water than from soil, could scarcely be a concentration effect since 

the - ratio in the solutions was much higher than in the soil. 

phosphorus 

Similarly the increased phosphorus absorption by plants as a result of 
nitrogen limitation in series II was not proportionately greater than the 
increase in sulphur absorption, despite the fact that the external phosphorus 
concentration had been increased to more than eight times that of the com- 
plete solution, while the sulphur concentration was unchanged. 

The absorption of calcium and magnesium was increased by limitation 
of potassium in series IY, the increases being proportionately the same, 
although only calcium concentration was increased in the solution. Mag- 
nesium absorption was increased more than that of potassium when calcium 
was limited in series Y, although only potassium concentration was 
increased. 

In all of these experiments, the concentration of any element in the com- 
plete solution was probably sufficient to give maximum absorption, and 
therefore increases in absorption as a result of increased concentration in 
the solution would not necessarily be expected. The increased absorption 
under these conditions, the fact that the increase was not confined to the 

ElIIlOH 

element in excess, and the fairly constant ‘— 7 — balance are all evidence 

cation 

in favor of the compensation rather than the concentration effect. 

In all series involving a limitation of nitrogen there appears to be an 
accompanying decrease in calcium absorption. In series IY, however, the 
relatively enormous increase in calcium absorption is accompanied by a 
somewhat decreased nitrogen uptake. In series Y, the limitation of cal- 
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cium had little effect on nitrogen uptake, so the apparent relationship be- 
tween the two nutrients, as indicated by series I to III, seems open to question. 
In series I and II, in which nitrogen uptake was limited, the decrease in 
calcium was only slightly greater than that in potassium absorption ; while 
in series III the uptake of calcium was retarded by limitation of both nitro- 
gen and phosphorus. Apparently only by studying the effect of the two 
elements at the same time can reliable conclusions regarding interrelations 
be obtained, and some such system as that used by Gregory and his students 
(3) appears to offer the best means of studying specific pairs of elements. 
Such systems would yield excellent material for studying the effect of limit- 
ing* nutrients on the total anl ;~ 1 - balance providing analyses were extended 
® cation 

to include all of the principal elements involved in absorption. Such 
studies are now being carried out in this laboratory. Because all the ap- 
parent interrelations between pairs of elements not definitely under investi- 
gation in this work are subject to the same limitation as those between nitro- 
gen and calcium, no others are considered. 

Summary 

1. Limiting the supply of one nutrient resulted in an increased uptake 
of another nutrient absorbed as an ion of the same sign, or in a decreased 
total uptake of the nutrients absorbed as ions of the opposite sign. 

2. When nitrogen was limiting, the effect was chiefly felt in increased 
phosphorus absorption, although there was also increased sulphur absorp- 
tion in some series, In one particular series of graded nitrogen and phos- 
phorus supply, the increased phosphorus absorption resulting from limiting 
nitrogen supply was fully equivalent to the decreased nitrogen uptake. 

3. Limiting potassium was accompanied by increased absorption of both 
calcium and magnesium. Limiting calcium was accompanied by relatively 
increased absorption of potassium and magnesium and slightly decreased 
absorption of anions. 

4. Despite relatively enormous differences in ratios of individual nu- 
trients as a result of limiting one, there was a marked tendency toward a 
maintained balance between total anions and cations. This balance was 
always in favor of the anions. 

Department of Field Crops 

University of Alberta, Edmonton, Canada 
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RELATION BETWEEN LIGHT AND THE ELECTRIC 
POLARITY OP CHAEA 

Sidney 0. Brown 
(WITH SEVEN FIGURES) 

Introduction 

The purpose of this investigation was to study the nature of the effect 
of light on the electric polarity of Ghara and to determine the possible rela- 
tion of the electric polarity to photosynthesis. As a basis for the final 
experiments, the normal distribution, magnitude, the degree of stability of 
the electrical potentials, and the effect of mechanical stimulation were first 
determined. 

An electrical polarity corresponding to the morphological polarity in the 
axis has been established and studied in detail in Obelia and other hy droids 
(2, 9), the Douglas fir (14), the onion root, (11, 19), frog skin (3, 15), 
Avena coleoptile (5, Wilks, in press), Phaseolus vulgaris (27) and other 
polar structures. These continuously maintained E. M. F.’s have been 
shown to be quantitatively linked with the oxidation mechanisms of the living 
cell (12, 25, 26) . The E. M. F. appears to depend upon the flux equilibrium 
in an electrochemical system made up of substances necessary for cell oxida- 
tion, and in the presence of atmospheric oxygen (10). The polarities of 
these living systems have been shown to be affected by changes in tempera- 
ture, anaesthetics, oxygen, mechanical stimulation, light, externally applied 
E. M. F. % and other factors, which, directly or indirectly, affect cell oxida- 
tion. From the numerous facts obtained from this work Lund (12) has 
formulated a theory of cell correlation which attempts to explain the method 
by which a group of electrically dominant cells may control the rate and 
orientation of physicochemical processes in adjacent cells. Some of the 
new facts presented in this paper appear to have a bearing on this problem. 

Previous investigations on the electrophysiology of Ghara are those by 
Jost (8), who determined the effect of various electrolytes on the potential, 
and by Auger (1) , who reported that stimulation resulted in a negative wave 
of excitation which moved along the axis at the rate of 6 cm. per second. 
Osterhout and his co-workers (22, 23, 26) have made extensive investiga- 
tions on the conditions of stimulation and the transmission of the excitatory 
wave in Nitella } a close relative of Ghara. As far as the writer is aware, the 
effect of light on the electrical potential of neither Ghara nor Nitella has 
ever been investigated. 
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Materials and methods 

The material used in this series of investigations was grown in aquaria 
in a greenhouse. About 4 cm. of the apices of plants from the pond were 
planted upright in a layer of quartz sand in an aquarium filled with tap 
water. Light was admitted only from above in order to insure long straight 
internodes. No fruiting plants were used, because reproductive structures 
did not appear during the fall and winter months. 

The experimental material designated as the “standard preparation” is 
the apex and the first three normal, straight, vegetative internodes of Chara 



!Pig. 1. General view of apparatus used. Full description is provided in tlie text. 
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vulgaris. The internodes consist of long mnltinucleate cells covered by a 
cortical layer of much smaller spirally arranged cells. At the node, 7 to 10 
leaves form a whorl ; each leaf has, in general, the same structure as the axis. 
In figure 1 B the region designated as the apex consists of three or four of 
the most apical unelongated internodes, covered by leaves of the lower whorls. 
For experimental purposes the “apex” is, therefore, defined here as all apical 
structures above the first internode, which is at least 10 millimeters in length. 
The total axial length of the apex is not more than three millimeters. In 
figure 1 B the electrode positions along the main axis of the plant are desig- 
nated by letter. The average length of the first internode was 11 mm., of 
the second 17 mm., and of the third 20 mm. The part of the “standard 
preparation ? ? used in the investigation of the effect of light and mechanical 
stimulation, unless otherwise specified, consisted of the apex, the first inter- 
node and node, or that part of the plant between A and D in figure IB. If 
microscopic examination after each experiment showed injury, or if the plant 
failed to grow on its return to the aquarium, the data obtained from such 
material were discarded. 

An unsuccessful preliminary attempt to determine the electric polarity 
of the axis of Chara indicated that an apparatus had to be constructed 
which would enable measurements to be made in an atmosphere saturated 
with water vapor under relatively constant condition of light and tempera- 
ture with a minimum of mechanical disturbance. Figure 1 A shows the 
apparatus which was finally constructed and which fulfills these require- 
ments. It consists of a rack and pinion, B, on which is mounted the base, 
N, supporting a glass aquarium with the inside dimensions of 16 x 10 x 8 cm. 
A bakelite cover with a large window, W, two small and three large perfora- 
tions is sealed with a vapor-tight joint to the top of the aquarium. Opaque 
fingerstalls, Z, form flexible diaphragms over the large openings, to prevent 
the loss of moisture. 

One end of a bent glass rod, S, is attached to a micromanipulator (not 
shown in the figure). The other end of the glass rod passes through the 
middle opening and forms a support to which is cemented a tube serving as 
a receptacle, Q, for a plant holder, H. This receptacle receives a small glass 
rod cemented to two glass hooks. One of these hooks fits below the first node 
and the other below the second and serves as a support for the preparation. 

The electrode contacts are made (1) by the meniscus at the surface of 
the water in the aquarium and (2) by a tube, K7, filled with water which 
connects to the usual small claw contact just below the apex of the plant. 
The water used in the electrode contacts and in the aquarium is the medium 
in which the plant was growing. Electrodes Mi and M 2 of isoelectric zinc 
amalgam, saturated zinc sulphate type, are connected by leads, L x and L 2 , 
to a previously calibrated Compton electrometer. To prevent injury to the 
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plant by the diffusion of zinc sulphate from the electrodes the contacts -were 
back washed without mechanical disturbance to the plant before each read- 
ing by allowing some water to run out through the stopcocks, Ui and XJ 2 , 
shown in the figure. The water vapor saturated atmosphere surrounding 
the plant may be replaced by gases through the openings, H 2 and 0 2 . Dur- 
ing the course of an experiment the temperature did not vary more than 1° 
C. 

Illu min ation during the determination of the normal orientation and the 
effect of mechanical stimulation was supplied by means of a 240-candle 
power frosted bulb, 1 meter above the aquarium. The light was allowed to 
fall directly on the plant through the glass window, W, in the bakelite cover 
of the aquarium. In the experiments on light two kinds of illumination 
were used: (1) illumination of the whole plant with equal intensities from 
all sides; and (2) illumination of a specific limited region of the plant axis. 
In obtaining illumination of the whole plant a Mazda type incandescent 
lamp of 240-candle power, placed at the distance of one meter above the 
aquarium, was used. The rays were reflected horizontally on the plant by 
four mirrors, one of which was placed on each side of the aquarium, tilted 
at 45° angles. Spot illumination was furnished by a galvanometer lamp 
and slit which focused the light to a band 1.5 mm. in width. A water filter 
1.5 cm. thick between the plant and the lamp served to remove heat rays. 
The intensity of the light was regulated by an iris diaphragm in front of the 
lamp lens. 

Results 

Normal electric polarity of the central axis 
In order to establish experimental reference conditions, an investigation 
of the normal inherent polarity was first made. The plant was transferred 
from the aquarium, in which it had been grown, to the plant holder. All 
operations were carried out under water with minimum mechanical stimula- 
tion. At no time did the plant come into contact with the dry atmosphere. 
The electrical potential between the apex, A, and the points noted by the 
letters on figure 1 B was obtained by lowering the water level of the 
aquarium by means of the rack and pinion, R. With such precautions in 
manipulation, the apex in the standard preparation was found to be electro- 
positive to the more basal regions. The regions of the greatest change in 
E. M. F. per unit length are in the first 5 mm. of the plant axis below the 
apex and across the first node, from C to D (fig. IB). In the second inter- 
node the electric polarity may at times be completely inverted, the apex 
negative to the base. In the third internode there is little difference in 
potential. In determinations made over a period of nine months the apex 
was positive to the more basal segments in 71 out of 78 plants tested. That 
is, in 91 per cent, of the cases tested, there was a positive potential gradient 
from apex to base. 


BROWN: LIGHT AND ELECTRIC POLARITY OP CHARA 


717 


The electric polarity of each plant was determined at intervals of two 
hours or more for 48 hours or longer and it was found that in the unstimu- 
lated condition the apex remained positive. There w T ere a few exceptions 
to this rule as the apex became negative without obvious external stimula- 
tion during the first 24 hours. This was a temporary condition since in 6 
to 12 hours the apex again became positive and remained so to the end of 
the experiment. 

In Ohara the maintained electrical polarity is in agreement with that of 
other organisms in that the apex, the region of greatest cell activity, is 
electropositive in the external circuit to the more basal regions. 

Effect of mechanical stimulation on the electric polarity 

The purpose of the following experiments was to determine the effect of 
mechanical stimulation on the electrical polarity of the central axis. Two 
types of stimulation were impressed, first, continuous stimulation produced 
by a solid object, the glass contact, constantly touching the apex of the plant 
over an extended period of time ; and, second, intense stimulation produced 
by the tap of an electromagnetic stimulator, which resulted in temporary 
mechanical deformation similar to that used by Marsh (20). 

A slow inversion of the electrical polarity of the plant occurred when 
contact between the glass claw of the electrode and the apex of the plant was 
constantly maintained under water for an extended period of time. The 
electrical polarity was determined at intervals of two hours by the method 
previously described. It was found that this slight supporting pressure on 
the apex of the plant caused a complete inversion of the potential in about 
four hours. The electrical polarity returned to normal with the apex 
electropositive in about the same length of time when the glass claw contact 
was removed. Application of the contact a second time again caused the 
polarity of the plant to invert. 

This experiment was repeated on 12 different plants, involving 29 cases 
of stimulation, and in all cases the polarity was decreased or inverted. The 
susceptibility of the electric polarity to slight mechanical stimulation 
demonstrated the delicate nature of the polarity potential and explains in 
part the inconsistent results obtained before perfecting the manipulative 
technique. 

Diminution or inversion of the electric polarity by slight mechanical 
pressure might suggest an explanation of the various thigmotropic responses 
since much evidence has been obtained that change in morphological polarity 
of an organism is associated with change in electric polarity. 

The device used for the determination of the effect of slight mechanical 
deformation applied for a short duration of time was a modification of the 
apparatus previously mentioned (20). It consisted of a signal magnet to 
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which was cemented a bent glass rod with one side ground to form a smooth 
flat surface. To the flexible spring another small bent rod was cemented 
forming, in effect, a small electromagnetic glass hammer which could deliver 
a sharp tap to any previously selected location on the plant axis. The 
stimulator was inserted in the aquarium through an opening covered by a 
rubber diaphragm. All adjustments were made by a micromanipulator. 
A roughly quantitative control of the strength of the stimulus was obtained 
by approximately varying the current which passed through the coils of the 
electromagnet. The time of application of the stimulus was one second. If 
any of the plants failed to grow after testing, or if microscopic examination 
revealed injury, the data from such experiments were discarded. 

A mechanical stimulus at any point caused the stimulated region to be- 
come negative to the unstimulated region. The negative phase produced by 
this type of stimulation was of short duration, between 1 and 2 minutes. 
In a typical ease the first two stimuli, applied at the apex 4 minutes apart, 
each caused a decrease of 15 millivolts in the potential between AD. The 
third stimulus caused a decrease of 14 millivolts and the fourth 13 millivolts. 
As a result of 12 successive stimuli of the same intensity, applied at intervals 
of 3 minutes, a negative response was obtained after each stimulus, and the 
potential change decreased from 15 to 3 millivolts, indicating “ adaptation. ’ ’ 

With the upper contacts at the apex and the lower at the base of the inter- 
node, stimulation at the apex decreases the polarity of the segment, and 
stimulation at the midpoint between the apex and base produces little or no 
change. Repetition of stimuli at corresponding points along the second 
node gave results similar to those of the first node but relatively smaller in 
magnitude. 

In a typical case with the apical electrode at the midpoint (B, fig. 1, B) 
and the basal electrode at the base of the first internode (C, fig. 1, B), a 
decrease of 11.5 mv. in the polarity of the internodes was obtained when the 
stimulus was applied at the apex (A, fig. 1). There was no vibration of the 
plant in the water contact sufficient to produce this change. When the 
apical contact was replaced at the apex, and the plant stimulated at the apex, 
a decrease of 25 mv. was obtained. Essentially the same results were 
obtained on the second internode. This demonstrates that mechanical 
stimulation at the apex caused a temporary negative condition in the polarity 
of a segment 7 mm. from the point of application ; therefore a wave of nega- 
tivity was produced which traversed the distance of 7 mm. No evidence 
was obtained , to indicate that the negative variation traversed the node. 
Because, of the inadequacy of the electrometer to register rapid changes in 
potential, the phenomena of conduction will not be considered in the present 
paper. 
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Effect of light on electric polarity 

When the living plant is illuminated, there is a change in the rate of out- 
put of electric energy by the plant. This fact was first observed by Haake 
(7) who found that the illuminated region became electropositive to the 
unilluminated portion and that no change occurred in etiolated petals and 
leaves under illumination. A. D. Waller (29) suggested that a relation 
existed between photosynthesis and the electrical changes due to illumina- 
tion. Bose (4), using two halves of a banana leaf connected by a salt 
bridge, obtained changes in electrical potential when one of the leaves was 
illuminated. 

J. C. Waller (30-31) observed current changes between electrodes 
placed at illuminated and unilluminated symmetrical positions on the surface 
of leaves. According to him, the magnitude of the electrical response upon 
illumination is dependent on the species and age of the plant used. He 
stated that the “photoelectric” response in green leaves is dependent upon, 
the photosynthetic process ; however, he stated that, even in the absence of 
chlorophyll, current changes may be obtained upon illumination. Further- 
more he attributed the changes in “ current” incident to illumination to a 
lack of equilibrium between oxidation and reduction of a hypothetical 
“acid” in photosynthesis. He assumed that the positive phase of the cur- 
rent was due to the “reduction of the acid and that the negative phase was 
due to the oxidation of the acid.” Unfortunately he used, as a measuring 
instrument, a galvanometer which does not allow a clear distinction to be 
made between a change in E. M. F. and a change in the resistance of the 
tissue between the electrodes. 

Sheard (27), working with the sunflower and the Poinsettia obtained 
potential changes as high as 0.3 volt on exposure of the leaves to the ultra- 
violet and infra-red light. He obtained no effect with illumination by light 
in the visible spectrum. Glass (6) found that local illumination of the apex 
of the Elodea leaves by white light produced an increase in the potential of 
the apex with respect to the non-illuminated base. 

The object of the following experiments is (1) to determine the effect of 
illumination on the electric polarity of Chara; (2) to establish the relation 
between the response upon illumination and the photosynthetic process • and 
(3) to relate this response in part, if not totally, to the increase in the oxygen 
available for intracellular oxidation. 

In order to demonstrate that an electrical response produced by illumina- 
tion is not due to spontaneous inherent changes in the polarity of the prepa- 
ration, the first step was to determine the magnitude of inherent change, if 
any, in the polarity of the standard preparation in darkness, over an ex- 
tended period of time under constant external conditions. The next proce- 
dure was to subject the whole plant to light, other conditions remaining the 
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same, and to observe the change in polarity produced. Since the final object 
was to determine the effect of continuous and discontinuous illumination of 
the apex, the interpretation of the results was simplified by observing the 
effects produced by illumination of one locus of the plant at any given 
instant. 

In order to attempt to establish a relation between photosynthesis and 
the electrical response to light, the factors known to affect the photosynthetic 
process were varied and the results of these variations on the electrical poten- 
tials were observed. The variable factors were: (1) the intensity of illu- 
mination, (2) the wave length, (3) the concentration of carbon dioxide, 
and (4) the concentration of 0 2 in the atmosphere surrounding the plant. 
Discussion of the well known effects of variations of these factors on the 
photosynthetic activity is given by Spoehr (28). 

If the change of potential in the plant upon illumination is due to an 
increase of oxygen available for cell oxidation, the electrical response in 
light or in darkness should be characteristically modified by a change in 
oxygen tension around the plant. Therefore, to determine comparatively 
the effect of illumination on the plant in oxygen and in hydrogen (the 
absence of oxygen) should also be significant. 

The plants prior to the experiment were allowed to remain submerged 
for two hours in the experimental aquarium in darkness so that any effect 
due to previous mechanical stimulation or a change of light intensity might 
have diminished or disappeared. Neither the time of the day nor the con- 
dition of illumination prior to experimentation could be shown to have any 
effect on the response of the plant to light. The periods when the plants 
were illuminated and unilluminated are indicated by the contrasting heavy 
lines at the bottom of the graphs. 

Procedure I. The electrical response of the plant to light. 

1. Normal fluctuation of the electrical potential of the standard preparation 
in air and darkness . — The basal line of reference, which was assumed to be 
the normal E. M. F. residing in the unstimulated preparation in darkness 
and in vapor-saturated atmosphere, was determined. Figure 2 A shows the 
range of variability of two different typical plants under the above specified 
conditions during a period of 50 minutes. In neither of these preparations 
did any large variations of potential take place spontaneously. Eecords of 
10 different plants over periods from 30 minutes to 2 hours show no greater 
change than 2 mv. per minute or a total of 10 mv. in 10 minutes. In .most 
preparations a slow relatively small steady decrease in polarity occurred as 
shown by the broken curve in figure 2 A. Because of the previous results, 
which show that the presence of the contact at the apex of a plant causes 
an inversion of polarity in several hours, a decrease in the potential would 
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Fig. 2. A. The curves show the magnitude of the spontaneous variation of the 
E. M. F. of two typical standard preparations in darkness. 

B. Effect of continuous illumination of the whole plant on the E. M. F. of the first 
internode. The light from a 240 c.p. incandescent lamp one meter above the aquarium 
was reflected on the plant by four mirrors placed on the four sides of the aquarium. The 
period of darkness before illumination is indicated by the heavy line at the base of the 
drawing. 

0. Effect of continuous illumination of the apex only with light of 36,500 meter- 
candles on the E. M. F. of the first internode. Curves 1, 2, and 3 represent the responses 
of three plants under the same conditions. 
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be expected. These results may be considered to represent the condition 
of the maintainance of flux equilibrium concentrations of the electromotively 
active constituents at a relatively constant value . Either these curves or the 
readings taken in all experiments just before application of the light may- 
serve as a control. In no eases were the inherent variations of E. M. F. of 
the same magnitude as those produced by illumination. 

2. Change in polarity caused by illumination of the whole plant. — A typical 
example of the effect of illumination of the entire plant by light of the same 
intensity is shown in figure 2 B. For this purpose light from a 240-candle 
power Mazda bulb reflected by a mirror on the four sides of the plant was 
used. The curve shows a sharp rise in potential to a maximum of 51 mv. 
The potential sharply decreases to a lower relatively constant value. When 
the experiment was repeated on several different plants the same type of 
curves was obtained. In all cases the subsequently maintained polarity was 
greater than in darkness by at least 50 per cent. The increase in potential 
upon uniform illumination affects unequally the potential of the apical and 
basal regions of the first internode. This result has a fundamental signifi- 
cance and should be compared to the corresponding effects of oxygen, tem- 
perature, and anaesthetics on the electrical polarity in other forms. 

3. Increase of potential upon illumination of the apex only. — In order to 
localize the region of greatest change in potential a series of experiments 
was carried out in which the apex only was illuminated with a spot of light 
2 mm. in diameter immediately above the contact. In order to establish 
a reference level of polarity the potential was observed in darkness for 30 
minutes before illumination. Upon illumination, there was an abrupt 
increase in potential followed by an irregular decline to a relatively constant 
level. The variability of this response is shown by curves 1, 2, and 3 of 
figure 2 B. Curve 1, which is typical of most cases, demonstrates an abrupt 
increase in potential upon illumination, followed by a slow decrease until a 
relatively high potential level is reached and maintained. In the plant in 
curve 2, the potential decreases rapidly after the initial difference. Curve 
3, characteristic of some cases, illustrates an abrupt increase to a maximum 
followed by an irregular decrease to a lower constantly maintained polarity. 
The small initial decrease followed by a steep rise upon illumination, as 
shown in curve 3, has been obtained in many experiments. 

With the claw contact at the apex and the water meniscus just below the 
first node and with the plant in darkness constant polarity potential of plus 
10.0 mv. was obtained. The plant was returned to water and the apex illu- 
minated 10 minutes under water. At the end of this time, with the light 
still on, the plant was again tested and the potential of the same segment 
had increased to plus 42 mv. Therefore the increase in potential on illu- 
mination is not a phenomenon which takes place only when the plant is out 
of water and in air. 



BROWN: LIGHT AND ELECTRIC POLARITY OF CHARA 


723 


4. Electrical polarity of the plant during alternate exposures of the apex 
to light and darkness . — Figure 3 A shows the changes which occur in the 



candles and darkness on the E. M. F. of the first internode. The periods when the light 
was applied are indicated by the white lines at the base of the drawing. 

B. The change in electric polarity of the first internode when different loci along 
the central axis were illuminated. The curves obtained upon illumination of the different 
loci are labelled. 

C. Absence of the effect of illumination on a dead preparation. The first response 
was obtained before the plant was killed. 

plant’s potential during alternate 10-minute exposures of the apex to light 
and darkness. The illumination for each 10-minutes period was 21.9 x 10 7 
meter-candle-seeonds. The periods of darkness are indicated by black bars 
at the base of the figure, while the illuminated periods are represented by 
light bars. Illumination produces an immediate decrease, which is followed 
by an increase of 50 mv. in the potential of the apex with respect to the base. 
"When the light is shut off, there is a drop in potential, and the polarity 
returns to the original level in darkness. The effect could be repeated a 
number of times with a duplication in the type of curve, and little variation 
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in the magnitude of the responses. Within these time limits no evidence 
of “ fatigue' 5 as reported by A. D. Waller (29) was obtained. 

5. Effect of illumination of different loci along the plant axis. — Illumination 
of a given point along the plant axis renders it more positive. When con- 
tacts are located at the apex and just below the first node, illumination of 
the apex causes an increase in the inherent polarity. If the base is illu- 
minated, it becomes more positive. Hence, there follows an inversion of the 
polarity of the system, which causes the apex to become relatively negative 
to the base. When the midpoint between apex and base is illuminated there 
is either no change or a minimum change in the polarity potential. That a 
change actually occurs in the midregion may be shown by moving the con- 
tact to the midpoint and illuminating that area, thereby producing an 
increase in the local potential at this midpoint. One may further show that 
a change has occurred by measuring the potential between the apex and mid- 
point, and returning the contact and measuring the potential. Both 
methods on the same plant showed an increase of 8 mv. in the illuminated 
region. This is comparable to the case, discussed earlier in this paper, in 
which mechanical stimulation produced a decrease of potential at the mid- 
point but caused no change in the total potential of the internode. 

With the claw contact at the midpoint of the first internode, and the 
water meniscus just below the first node, no change in the potential was 
chained when the apex was illuminated for 10 minutes. When the claw 
contact was replaced at the apex of the same plant, and the apex illuminated 
for 10 minutes, an increase of 42 mv. was obtained. These results indicate 
that under the conditions of this experiment illumination outside the area 
of the contacts produces no change in the potential between the contacts. 

6. Effect of hilling the preparation on its response to light. — Death of the 
plant abolishes all responses to illumination. Figure 3 C shows the normal 
response of a first internode of a living plant to apical illumination. At 
the point designated on the graph, the plant was removed from the instru- 
ment and immersed for an instant in boiling water. When the plant was 
replaced in the instrument, with the electrodes at the same position, no 
change in potential occurred upon apical illumination. Plants killed by 
chloroform and formaldehyde exhibited no polarity and gave no response 
to light. 

Procedure II. Change in polarity with variation of external factors 

KNOWN TO AFFECT PHOTOS YNTPIE SIS 

1. Effect of the intensity of illumination on the electrical polarity of the 
standard preparation. — A. Discontinuous illumination of the whole plant 
with light of varying intensity. — Light from globes of different candle power 
was reflected through water filters by means of the four symmetrical mirrors 
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arranged as previously described. The claw contact was at tbe apex, and the 
water meniscus contact just below the base of the first node of the standard 
preparation. Illumination was supplied by different lamps for the same length 
of time. The periods of illumination are represented by the light bars, and 
the periods of darkness by the dark bars at the base of figure 4 A. 

The plant was illuminated at the points A, B, C, and D in the curve from 
bulbs of 18-, 90-, 185-, and 240-candle power, respectively, placed one meter 
above the aquarium. With the lowest intensity of illumination, 18-candle 
power, at A, little response was obtained. When the lights with increased 
candle power were used there was an increase in the magnitude of the re- 
sponse. Attention is called to the inversion of polarity which takes place 
when the light is turned off, which result will be explained later. After 
each increased response, there is an increase in the magnitude of the inver- 
sion. When the plant was allowed to remain in darkness at the end of the 
experiment, the potential returned to the normal base level. 

B. Discontinuous illumination of the apex with light of varying inten- 
sity. — Figure 4 B shows the effect of increasing the intensity of apical illu- 
mination on the polarity of the standard preparation. The light was applied 
for 10-minute intervals followed by 10-minute periods in darkness. No 
change was obtained at A when light of the intensity of 486 meter-candles 
was used. A change of 20 mv. took place upon illumination with light of 
1215 meter-candles. At the points on the graph indicated by D, E, and F, 
apical illumination of 11,500, 17,100, and 36,500 meter-candles produced 
responses of 50, 52, and 54 mv. respectively. 

Examination of the data shows that there is a lower threshold of light 
intensity below which no change is produced upon illumination. Above this 
threshold a relatively small change in luminous intensity produces a large 
increase in polarity. An increase of the illumination above 17,000 meter- 
candles produced but little increase in the response of the plant. 

C. Continuous illumination of the apex with light of varying intensity. 
— A potential increase of 5 to 52 mv. produced by illumination with 36,500 
meter-candles was obtained between the base and the apex of the first inter- 
node of a standard preparation (fig. 4 C). At 10-minute intervals the light 
intensity was decreased by decreasing the diameter of the effective aperture 
of the lens. The decrease of illumination at B to 17,100 meter-candles pro- 
duced no significant decrease in the potential. Eeduction of the light- 
intensity at C to 11,500 meter-candles caused a decrease of 7 millivolts in 
the polarity. The reduction of the polarity at D, E, and F of 11.5, 15, and 
10 mv., respectively, was due to a decrease of the light intensity of 3650, 
1215, and 486 meter-candles, respectively. The decrease at Gr from 486 
meter-candles to complete darkness produced no apparent effect. When 
light was increased, as shown by the ascending part of the graph, there was 
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Fig. 4. A. The effect of discontinuous illumination of the whole plant with increas- 
ing intensity of light. The light was reflected on the preparation by mirrors on the four 
sides of the aquarium. Illumination at A was with an 18-e.p. globe at 1 meter, B with 
90, 0 with 185 and D with 240-c.p. globes, respectively. 

B. The effect of discontinuous apical illumination of increasing intensity. The 
apex was illuminated at A with 486 meter-candles, at B with 1215, at C with 3650, at D 
with 11,500, at E with 17,100, and at F with 36,500 meter-candles, respectively. The 
periods of illumination are indicated by the unshaded regions of the line at the base of 
the figure. 

C. The control of the magnitude of polarity by decreasing and increasing illumina- 
tion of the apex. The apex was illuminated with 36,500 meter-candles. At B the inten- 



BROWN: LIGHT AND ELECTRIC POLARITY OF CHARA 


727 


a corresponding increase in the potential difference of the base to the apex. 
From these data one may assume that, with other conditions the same, the 
level of electrical polarity in the plant is largely a function of the intensity 
of light on the more apical region. By controlling illumination the electric 
polarity may be decreased to any desired level. 

2. Discontinuous light of different wave lengths . — Light of different wave 
lengths was obtained by placing Corning colored glass filters between the 
plant and the source of illumination, as designated by C in figure 5. The 



Fig. 5. The effect of stimulation of the apex with light of different wave lengths 
on the E. M. F. of the first internode. The color of the filter used is stated above each 
response. The wave length of the light transmitted by the filter marked “ red ” is 649 
to 740 m|i, “green” from 490 to 555 mu, “light blue” from 445 to 505 m|i, “dark blue” 
from 415 to 490 mjx. The time of application of light can be ascertained from the 
unshaded lines at the bottom of the figure. 

wave length of the light transmitted by the dark blue filter was from 415 
m M to 490 mp, by the light blue filter from 445 to 505 mp, the green filter 
from 490 mp to 550 mp, and the red filter from 649 to 740 mp. 

Light from a tungsten filament lamp filtered through clear glass and 
falling on the apex of the standard preparation produced a positive increase 
of 47 mv. labeled white’ ’ in figure 5. Bed light of the wave length 649 to 
740 mp produced a change of the same type but only 38 mv. in magnitude. 
Light passing through the light blue filter (wave length 445 to 505 mp) 
produced an increase of 40 mv. and the dark blue (414 to 490 mp) caused 
an increase of 22 mv. Green light (490 to 555 mp) failed to produce any 
change. Repetition of the above experiment failed in all cases to give an 
increase in the E. M. F. with green light. These experiments indicate only 
qualitatively the effect of light of different wave lengths, since neither the 
intensities nor the light energies present in the light of different wave 
lengths are comparable. 

3. Effect of CO 2 on the polarity with apical illumination . — With the light 
intensity used in these experiments, the concentration of C0 2 was the limit- 
ing factor (29). An increase in C0 2 in constant illumination should speed 
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up the rate of photosynthesis, subsequently producing an increase in the 
potential of the illuminated region, if the rise in intracellular concentration 
of 0 2 is responsible for the increase in magnitude of potential. The effect 
of C0 2 on the polarity of a standard preparation in darkness in air was first 
determined. When 1 per cent. C0 2 by volume was introduced into the space 
above the water level in the aquarium, no effect was produced in the polarity 
of the plant as shown in figure 6 A. Upon illumination of the apex of a 
plant in water-vapor saturated air, the potential increased to a maximum ; 



Fig. 6. A. The effect of carbon dioxide on the E. M. F. of the first internode in air 
and in hydrogen in darkness. The time of application of 1 per cent, carbon dioxide is 
indicated by the arrows. The dotted line shows the time the gas surrounding the plant 
was changed from air to hydrogen. 

B. The rise of potential on increasing the carbon dioxide concentration in the air 
surrounding the plant, the apex of which was constantly illuminated. The time of the 
introduction of 1 per cent, carbon dioxide is indicated by the arrow. 

0. The broken curve shows the effect of continuous illumination of the apex in an 
atmosphere of hydrogen. The solid line represents a comparable preparation under the 
same condition except that 1 per cent, carbon dioxide is added at the time indicated. 
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then it fell to a constant level as in the other cases previously discussed. 
Now, with the introduction of C0 2 gas in light (fig. 6 C), there was in this 
case an abrupt increase in potential. After the initial overshooting, the 
potential dropped slightly but was maintained at a new level higher than 
the original. 

The broken curve in figure 6 C shows the electrical behavior of the first 
internode of a standard preparation in hydrogen, with apical illumination. 
The plant was allowed to remain 30 minutes in an atmosphere of hydrogen 
before the first reading was recorded. The initial polarity as shown by the 
graph was inverted. The initial potential rapidly increased upon illumina- 
tion to a maximum of 55 mv. This increase was followed by a decrease to a 
lower level than usually is- attained by preparations under the same condi- 
tion in air. The continuous curve represents a comparable preparation 
under the same experimental conditions, except that 1 per cent. C0 2 was 
introduced at the point indicated on the curve. The effect produced was an 
immediate increase of the potential to a constant high level. Since the rate 
of photosynthesis depends on the concentration of C0 2 , the process is speeded 
up when the concentration of C0 2 is increased. This increase in photosyn- 
thesis evidently raises the concentration of oxygen and other electromotively 
active substances available for cell oxidation and therefore for the main- 
tenance of electrical polarity. 

Procedure III. Effect of oxygen tension on the electrical response 
to illumination 

1. Effect of oxygen tension on the standard preparation in darkness.— In 
this experiment, the claw electrode contact was at the apex and the water 
meniscus contact at the base of the first internode of the standard prepara- 
tion. The gases, which were saturated with water vapor by passing them 
through Bunsen columns filled with distilled water, were passed at a constant 
rate through the space above the water level in the aquarium. Examination 
of figure 7 A shows that in hydrogen in darkness a decrease of approximately 
20 mv. was obtained with an inversion of polarity. Incidentally, it is impos- 
sible to obtain an atmosphere about the plants entirely free of oxygen since 
dissolved oxygen from the water was continuously passing into the atmos- 
phere above the water. However, in spite of this fact the results are perfectly 
clear. When oxygen was introduced, there was a subsequent increase of 30 
mv. in the polarity potential, followed by a decrease and a subsequent rise 
to a constantly maintained level of potential. Repetition on several different 
plants gave essentially the same results. These curves are strikingly similar 
to those obtained on the effects of presence and absence of oxygen on the 
potential in the onion root and may be interpreted in the same manner 
(Rosene and Lund, 25). 
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Fig. 7. A. The effect of (a) air, (b) hydrogen, and (c) oxygen on the polarity of 
the standard preparation, in darkness. The times of change of the gases are shown by 
the dotted lines. 

B, The response produced by illuminating the apex of the standard preparation in 
atmospheres of air and oxygen. The time of application of the light may be determined 
from the unshaded portions of the line at the base of the plate. Oxygen was introduced 
at the time indicated by the dotted line. 

C. The change in E. M. F. of the standard preparation produced by apical illumina- 
tion of the standard preparation in atmospheres of air, hydrogen, and oxygen. The 
period of illumination is indicated by the unshaded portions of the line at the base of 
the drawing. The broken line shows the time of change of gases. 

2. Comparison of the modifications of the response due to illumination in 
an atmosphere of oxygen, hydrogen, and air . — —Figure 1 T3 shows the effect 
of illumination on the standard preparation, first in air and then in oxygen, 
the intensity and time of the illumination being the same in both cases & A 
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typical response of 42 mv. was obtained with the plant in air. When the 
atmosphere about the plant, in darkness, is changed from air to oxygen, there 
is a small increase in potential. Illumination in oxygen causes an initial 
rise and fall of only 2 mv., followed by a potential increase. The potential 
reaches a maximum and then decreases. Upon discontinuing the illumina- 
tion there is an immediate rise in the potential followed by a decrease to a 
lower level than in light. In air, there is an increase in potential of 41 mv. 
compared to 15 and to 9 in oxygen. 

Figure 7 G shows the effect of light on the apex of the standard prepara- 
tion in an atmosphere of air, pure hydrogen, and pure oxygen. In air, the 
illumination produced an increase of 35 mv. in the polarity of the first inter- 
node. In hydrogen the same illumination produced an increase of 59 mv., 
while in oxygen only a 15 mv. response was obtained. Attention is called to 
the decrease in potential when hydrogen replaced the air in darkness, and 
subsequent increase in potential when oxygen replaces the hydrogen in 
darkness . 

Discussion 

The purpose of the first part of this investigation was to establish a rela- 
tion between light and the maintained polarity in Chara. The change upon 
illumination cannot be attributed to an increase in temperature, as the heat 
rays are filtered out by the water. The ultra violet rays are removed by the 
glass. Therefore any change must be due to the effect of light of the visible 
spectrum. Visible light could affect either the photosynthetic process or some 
unknown photoreceptive mechanism in the plant. 

An increase in the intensity of illumination increases the electric polarity. 1 
An increase in C0 2 concentration in light increases the electric potential. 
Green light produces no change in the E. M. F. of the system, while red and 
blue light both caused an increase in the potential. Likewise, in green plants 
(29) the increase in intensity of illumination and the concentration of C0 2 
increases the rate of photosynthesis ; also, in green light photosynthesis is at a 
minimum. Since all these facts are consistent with one another, one may 
logically conclude that photosynthesis is closely linked with the increase 
in the electrical potential due to illumination. Furthermore, from the fol- 
lowing facts, it becomes practically certain that the effects of light on the E. 

1 The electrical polarity of a single cell is 

E p = - RT/2F In Pe^Pc = - RT/2F In r', 

where R is the gas content, T, the absolute temperature, In, the natural logarithm, F, the 
faraday equivalent, and Pc the oxygen pressure at a given locus inside the cell, and r' 1 
is the ratio of Pc x to Pc. The electrical polarity of a polar tissue may be expressed as : 
E = 2E=- RT/2F In r' apical/r' basal. 

Pc has been shown to be quantitatively related to P, the pressure of oxygen surrounding 
the tissue. 
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M. F.’s are primarily caused by changes produced in the cell by photo- 
synthesis. 

1. Oxygen is released by photosynthesis. 

2. A quantitative relation exists between the output of electric energy 

and cell oxidation in all polar tissues which have been investi- 
gated up to the present. 

3. The quantitative relations between oxygen tension, velocity of 0 2 

consumption, and electric potential in the onion root have been 
formulated by Lund (17) on the basis of flux equilibrium in 
cell oxidation. 

Using Lund’s fundamental assumptions (12) as a basis for his work 
Marsh has recently extended this formulation, along with direct experimental 
evidence, to show how oxygen concentration is related to the inherent 
E. M. F. In such a system the loci may be considered to act essentially as 
modified oxygen electrodes. The above conclusions of course do not exclude 
the possibility that other products of photosynthesis, besides free oxygen, 
also affect the potential. 

The rate of production of oxidizable substance, which is equivalent to 
the oxygen consumption at flux equilibrium, has been shown to be greater 
in the apical than in the basal regions of various tissues (12, 17, 21). In 
view of this fact, we should expect the increase in potential at the locus of 
the apex, upon illumination of the apex, to be greater than that in the base. 
This is precisely what was observed in the experiments on the illumination 
of the whole plant (fig. 2 B), and with illumination of the apex and base 
separately (fig. 3 B). ; * 

The inversion of polarity (fig. 4 A) after illumination of the whole prepa- 
ration can be explained by the difference in the rate of oxygen consumption 
of the apex and the base. If 0 2 were produced by photosynthesis at approxi- 
mately equal rates at both apex and base, an unequal change in the potential 
at the two loci would result, since it has been found that the same change in 
concentration of oxygen at apex and base causes a greater change in the 
apical than in the basal tissues (26). The increased consumption of oxygen, 
continuing at the apex after the light is removed, would cause a relative 
decrease in the electrical potential. Since the oxygen is consumed at a lesser 
rate in the base, it would be available for a longer period of time with the 
consequent maintenance of a relatively higher potential. The higher posi- 
tive potential at the base would result in the observed inversion of the polar- 
ity of the internode (fig. 4 B). As the oxygen is consumed in the cell oxida- 
tions, the polarity gradually reverts, reaching the constant potential level 
in darkness. 

This conception adequately explains the increase in the electrical response 
in the absence of oxygen. A decrease in oxygen tension around the polar 
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tissue leads to an inversion of polarity which is in accord with the present 
observation (fig. 13 A) and with the results of Rosene and Lund (25) and 
with Marsh’s mathematical formulation (19) of the relation between the 
flux equilibrium oxygen pressure, Pc, and the oxygen pressure, P, of the 
atmosphere surrounding the plant. In low concentrations of oxygen as all 
the available oxygen is used up by respiration of the plant, the potential is 
decreased at both the apical and basal loci, the potential of the apex being 
decreased relatively more than at the base. Upon apical illumination the 
potential of the apex is again increased relatively more than that of the base, 
thus accounting for the increase in the apical-basal potential. The potential 
of the apex apparently decreases (as illustrated in the dotted line of figure 
6 C) because of the decrease in the photosynthetic rate due to the removal 
of C0 2 . 

Even with the plant in oxygen, Pc does not necessarily equal P. More- 
over, upon illumination Pc might be further increased. With the plant in 
oxygen, the absolute value of the apical Pc and the basal Pc are greater; 
hence, an increase in the apical Pc up to its maximum does not change the 
ratio of the apical Pc/basal Pc as much as when the basal flux equilibrium 
oxygen pressure has a lower value. This is demonstrated in figure 7 B. 
The method used here may serve to distinguish Pc from P. 

Even though the general results obtained on Cham may be explained as 
the effect of an increased production of oxygen in the polar tissues, it is 
probable that the observed changes in the electrical potential may also be 
partly determined by other concomitant electrochemical processes in the 
cell. Clark (5) and Wilks ( loc . cit.) report definite electrical changes due 
to illumination in the etiolated oat eoleoptile which, in the absence of chloro- 
phyll, are not due to photosynthesis. Waller reports “photoelectric” 
changes in the etiolated petals of some plants. It is also highly probable 
that electromotively active substances other than oxygen are produced in 
the photosynthetic process. 

The experimental results have shown that light when appropriately ap- 
plied may act differentially and quantitatively to increase and decrease 
reversibly the electric polarity and the potential at any locus on the main 
axis in Cham. In this respect the effect of light is similar to the effect of 
temperature, and of the concentration of oxygen around the tissue, both of 
which are factors influencing cell oxidation. The output of electrical energy 
appears to depend on the flux equilibria between the substances necessary 
for cell oxidation and the concentration of oxygen. Both of these may act 
as limiting factors. By photosynthesis under certain conditions the chloro- 
plasts supply the oxygen necessary for the intracellular oxidation and the 
maintenance of the electrical polarity of the cell. 
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Summary 

1. An apparatus is described for measuring the electrical polarity of 
Char a vulgaris under a minimum of mechanical disturbance. 

2. The apex of Chara vulgaris is electropositive in the external circuit to 
the more basal regions. In the unstimulated condition the apex remains 
positive over a period as long as 48 hours. 

3. The slight pressure exerted by a glass contact supporting a plant by 
the apex under water causes an inversion of the electric polarity. The apex 
returns slowly to the electropositive condition when the contact is removed. 

4. Mechanical stimulation causes the E. M. F. of the stimulated region 
to become more negative. The change in E. M. F. produced is reversible, 
returning to the unstimulated condition in about two minutes. Stimuli ap- 
plied outside the area between the electrode contacts may produce a change 
in the potential in the region of the plant included between the contacts. 
No evidence of transmission of the electrical effect of stimulation across the 
node was obtained. 

5. Illumination of the w r hole plant increases the polarity of the apical 
region relatively more than the basal regions. The electropositivity of all 
illuminated regions is increased. The electric response to illumination does 
not occur in a dead plant. 

6. The following facts relate the change of potential upon illumination 
to photosynthesis: (a) increase of the response with increased intensity of 
illumination; (b) failure to obtain an increase in potential on illumination 
with green light, while an increase was obtained in red and blue light; (c) 
an increase in polarity in light and absence of 0 2 with an increase in the 
carbon dioxide concentration. 

7. In low oxygen tension, the response to light is increased; in high 
oxygen tension it is decreased. 

8. The results can be explained on the basis of the equations formulated 
by Marsh (22) for the relation of the flux equilibrium oxygen tension and 
electric polarity. 

The author is grateful to Dr. E. J. Lund, under whose direction this work 
was carried out, for many helpful suggestions made by him during the course 
of this investigation. 

University of Texas 
Austin, Texas 
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A STUDY OF MINERAL NUTRITION OF WHEAT AS 
INFLUENCED BY FERTILIZER 
COMBINATIONS 1 

Fsahk T. Donaldson 
(with ten figures) 

Introduction 

Practically the only method of following the movement of mineral 
nutrients into field crops consists of measuring the actual weights of the 
various elements present at progressive stages of growth. To do this it be- 
comes necessary to determine not only the percentage composition of the 
plant, but also the average weight per plant or per tiller. This type of 
procedure was followed in the investigation described in this paper in an 
effort to determine the effect of various fertilizer combinations upon the rates 
of assimilation and the amounts of mineral nutrients entering the wheat 
plant. 

There are comparatively few instances of the application of progressive 
development studies to wheat in which the whole plant has been studied. One 
of the earliest investigations of this type was published by Wilfarth, Romer, 
and Wimmer (15) in 1903. In this work samples were gathered from a 
field of spring wheat on four successive dates and analyses made for starch, 
potash, sodium, nitrogen, and phosphorus. The data were expressed as per- 
centage of dry matter and pounds per acre. 

In 1931 Knowles and Watkin (9) published a thorough and compre- 
hensive investigation of the nutrition of winter wheat. Nine successive 
samples were gathered over a period extending from seven weeks before ear 
emergence until harvest. The value of their data is enhanced by the large 
sample of 3200 tillers that was gathered at each sampling date. From the 
fourth to the ninth samplings the heads were separated from the leaves and 
stems and a further division was made of the eighth and ninth samplings 
into grain and chaff. Their results are expressed as the weights of substances 
present in 3200 tillers. 

While the present investigation was in progress Woodford and McCalla 
(16) published the results of their investigation of the nutrition of spring 
wheat grown on the gray and black soils of Alberta. Their method of pro- 
cedure was essentially the same as that of the English workers, although their 
results are expressed as the weights of nutrients present in plants taken 
from a unit length of row. Since the black soil contained four times the 
nitrogen and twice the phosphorus of the gray soil, their study, in part, 

1 Contribution from Montana State College, Agricultural Experiment Station. Paper 
no. 98, Journal Series. 
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demonstrates the effect of varying amounts of mineral nutrients upon the 
nutrition of the wheat plant and parallels more closely the work described in 
the present investigation. 

Materials and methods 

Conditions under which crop was grown 
A plot of ground was selected for this investigation in a locality known 
to possess rather infertile soil, in order that the response to the added fer- 
tilizers might be accentuated. This soil was a light, sandy loam, low in 
organic matter and total nitrogen and deficient in phosphorus. An analysis 
of the soil is given in table I. 

TABLE I 

Chemical analyses op soil upon which wheat was grown 


Substance in soil 

First foot 

Second foot 

Phosphorus (percentage) 

0.061 

0.063 

Calcium oxide (percentage) 

1.32 

5.40 

Total nitrogen (percentage) 

0.059 

0.042 

Available phosphorus (Winogradsky test) 

deficient 


Nitrate nitrogen (p.p.m.) 

3.00 

■ 

6.00 


The ground chosen for the plots was planted to potatoes the previous 
year. The potatoes were never irrigated and, since they received only 
one cultivation late in the summer, the weeds made a dense growth. "While 
this condition made necessary considerable weed pulling the following 
year, it no doubt insured the removal of most of the nitrates from the soil, 
thus providing an opportunity to study the effect of adding nitrates. 

A detailed account was kept of weather conditions at the site of the 
plots and these observations are augmented by the data from the cooperative 
weather observation station at Bozeman, 22 miles distant. Table II lists the 
pertinent weather and crop data through the growing season and the dates 
upon which sample collections were made. 

Six one-twentieth-acre plots -were seeded. Five of these were fertilized 
with the various fertilizer combinations shown in table III and one was left 
unfertilized for a check. 

The potassium chloride was of the strength known as 50 per cent. K 2 0 ; 
the sodium nitrate contained 15 per cent, nitrogen; and the treble super- 
phosphate 43 per cent, available P 2 0 5 . 

Sampling 

In all cases samples were collected (table II) before ten o’clock in the 
morning to avoid the effects of any rhythmic variation in nutrient assimilation 
which might occur during the day. Plants were pulled from the rows in the 
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TABLE II 


Weather and crop data 


Date of 
collection 

Weather and crop data throughout growing season 

1936 


March 1-May 1... 

The precipitation record at Bozeman shows 1.6 inches for this period 
compared with the 36-year average of 2.9 inches 

May 2-May 13 

A good rain fell in the vicinity of the plots on May 7. Bozeman Sta- 
tion recorded 0.85 inch 

On May 13 mineral fertilizers were applied to the plots and Marquis 
wheat seeded 

May 14- June 25 

Between May 15 and May 19 there were general rains which insured 
good germination of the seed 

On May 22 the wheat was just up and appeared in excellent condition 

Rain on June 1, 2, 3, 5, 6, and 7. Rains on June 5 , 6, and 7 represented 
the last precipitation of any benefit during remainder of growing 
season 

On June 16 wheat in all plots stood 3 to 4 in. high and soil was moist 
to a depth of 18 in. 

On June 25 plots were sampled for first time. Wheat stood 6 to 10 
in. high 

June 2 6- July 6... 

Hot, dry weather during this period evaporated soil moisture at a 
rapid rate 

Plots were sampled for second time on July 6. Although the ground 
was quite dry the plants appeared to be in excellent condition. None 
of wheat had started to head 

July 7- July 16 

■ 

An attempt was made to irrigate the plots but the demand for water on 
the farms with prior water rights was so great that there was not 
sufficient head to raise the water into the field ditch 

On July 16 wheat was sampled for the third time. Wheat on all plots 
had headed out and showed some damage from the dry weather 

July 17- July 24 

On J uly 21, when the demand for water had lessened somewhat, plots 
were irrigated. Three days later, July 24, the fourth set of samples 
was collected 

July 2 5- July 31 

Fifth set of samples was collected on July 31. The kernel was in the 
firm dough stage at this time 

Aug. 1-Aug. 7 

On August 7 the sixth and last set of samples was gathered. Wheat 
was ready to harvest and was cut the following day 


plots in one-foot sections in sucli a manner that the evacuated spaces formed 
a series of steplike patterns in the plot. No plants were used from the 
two outside rows nor from three-foot sections at the ends of the plots. 

TABLE III 

Fertilizers applied to the one-twentieth- acre plots 


Plot no. 

Kinds and amounts of fertilizers 

1 

None 

2 

10 pounds KOI, 12 pounds NaNO s , 20 pounds treble superphosphate 

3 

10 pounds KC1, 20 pounds treble superphosphate 

4 

20 pounds treble superphosphate 

5 

12 pounds NaN0 3 

6. 

10 pounds KOI, 12 pounds NaNO ft 
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Only an approximate count was made of the plants at the time of sampling, 
but an effort was made to have the sample contain from 200 to 300 plants. 
As soon as each collection was completed, the roots were wrapped in moist 
cheese cloth and the samples transported to the laboratory at Bozeman. 
Upon arrival at the laboratory the plants were counted and the roots cut from 
the plant one inch above the ground level and discarded. In the last three 
samples the heads were separated from the leaves and stems for separate 
analysis. The samples were then placed in a large oven held at 65° C. and 
equipped with a forced air draft. After drying for 24 hours the samples 
were removed to the open room and allowed to come to equilibrium with the 
moisture of the atmosphere. They were then weighed and ground in a Wiley 
mill to pass a 1-mm. screen. 

Analyses 

Dry matter, — Moisture determinations were made on the air-dried mate- 
rial. The samples were held 5 hours in a vacuum oven at 98° C. The per- 
centages of all the nutrients determined are based on the dry matter as 
determined by this procedure. 

Nitrogen. — Total nitrogen was determined by the Kjeldahl method with 
metallic mercury as a catalyst. A modification of the reduced iron method 
of Pucher, Leavenworth, and Vickery (12) was used on the samples col- 
lected at the first two sampling dates to include nitrate nitrogen. 

Phosphorus. — Phosphorus was determined gravimetrically by precipita- 
tion as magnesium ammonium phosphate after first digesting the sample in a 
mixture of perchloric and nitric acids (5, 6). 

Sulphur. — An aliquot of the perchloric-nitric acid digest was neutralized 
with ammonia, made slightly acid with hydrochloric acid, and the sulphates 
precipitated with barium chloride. 

Potassium. — Potassium from a third aliquot of the acid digest was 
determined by the perchloric acid method (7, 8) . 

Ash. — The sample was burned over night in a platinum dish at a tempera- 
ture of approximately 560° C. 

Soluble ash. — Soluble ash was determined as that part of the ash soluble 
in N/2 hydrochloric acid. 

Presentation of results 

A unit of one plant was chosen as the basis for calculating the result? 
of this study. The total dry weight of each sample was divided by the num- 
ber of plants in the sample to obtain the average weight per plant. The 
product of this value and the percentage composition is expressed in milli- 
grams per plant for all data. The term “ whole plant” is used to designate 
the entire aerial portion of the plant. Since the heads "were not counted, 
the data given for heads are based on the average weight of heads per plant. 
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TABLE IV 

Average amounts of substances in entire aerial portion of plant 

EXPRESSED AS MILLIGRAMS PER PLANT 


Plot 

Fertilizer 

Substances in plant 

ON DATE OF SAMPLING 


TREATMENT 

June 25 

July 6 

July 16 

July 24 | 

July 31 | 

Aug . 7 



mg . 

mg . 

mg . 

mg . 

mg . 

mg . 





Dry matter 



1 

Check 

433 

1080 

1440 

1620 

1790 

1910 

2 

NPK 

584 

1240 

1730 

1970 

2110 

2250 

3 

PK 

521 

1080 

1510 

1820 

2030 

2060 

4 

P 

562 

1270 

1630 

1920 

2150 

2280 

5 

N 

507 

1070 

1480 

1790 

1970 

2110 

6 

NK 

431 

1000 

1520 

1720 

1990 

1970 



Phosphorus 

1 

Check 

1.18 

2.54 

2.64 

2.82 

3.14 

3.69 

2 

NPK 

1.65 

2.86 

3.06 

3.50 

3.50 

3.91 

3 

PK 

1.42 

2.59 

2.93 

3.10 

3.57 

3.84 

4 

P 

1.53 

3.05 

3.18 

3.12 

3.76 

4.37 

5 

N 

1.27 

2.21 

2.50 

2.84 

3.10 

3.57 

6 

NK 

1.12 

2.11 

2.40 

2.91 

3.22 

3.22 



Sulphur 

1 

Check 

1.25 

2.93 

3.11 

3.35 

3.42 

3.70 

2 

NPK 

1.52 

2.96 

3.18 

3.53 

3.57 

3.78 

3 

PK 

1.30 

2.65 

2.88 

3.41 

3.47 

3.65 

4 

P 

1.55 

3.35 

3.31 

3.64 

3.90 

4.10 

5 

N 

1.43 

2.70 

2.84 

3.46 

3.47 

3.95 

6 

NK 

1.15 

2.42 

2.78 

3.28 

3.65 

3.85 



Nitrogen 

1 

Cheek 

15.0 

25.7 

25.8 

25.0 

26.5 

27.1 

2 

NPK 

20.8 

28.9 

30.6 

31.6 

31.0 

32.9 

3 

PK 

17.5 

24.9 

26.6 

28.2 

30.1 

29.3 

4 

P 

19.1 

29.5 

28.9 

30.6 

31.6 

32.6 

5 

N 

18.9 

27.3 

27.0 

28.8 

29.4 

30.9 

6 

NK 

16.1 

25.0 

27.2 

27.4 

29.7 

28.2 



Calcium 

1 

Cheek 

1.99 

3.63 

3.50 

3.58 

3.87 

3.86 

2 

NPK 

2.59 

4.10 

3.93 

4.63 

4.43 

4.62 

3 

PK 

2.28 

3.56 

3.37 

3.99 

4.05 

4.14 

4 

P 

2.59 

4.62 

4.08 

4.56 

4.49 

4.45 

5 

N 

2.32 

3.43 

3.64 

4.16 

4.33 

4.21 

6 

NK 

2.02 

3.03 

3.63 

3.73 

3.92 

3.79 



Potassium 

1 

Check 

19.0 

37.0 

30.2 

26.6 

22.3 

21.4 

2 

NPK 

28.1 

44.4 

36.2 

34.2 

26.6 

27.3 

3 

PK 

22.1 

35.2 

29.6 

29.4 

24.2 

23.8 

4 

P 

23.9 

41.8 

31.0 

30.2 

25.5 

24.5 

5 

N 

22.6 

38.7 

31.4 

29.1 

25.8 

25.1 

6 

NK 

19.6 

36.3 

32.1 

28.8 

28.8 

25.7 
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TABLE IV — ( Continued ) 


Plot 

Fertilizer 


Substances in plant 

ON DATE OF SAMPLING 

TREATMENT 

J TINE 25 

July 6 

July 16 

July 24 

July 31 

Aug. 7 



mg. 

mg. 

mg. 

mg. 

mg. 

mg. 





Soluble ash 




1 

Check 

38.4 

74.2 

61.8 

58.9 

53.1 

54.7 

2 

NPK 

55.5 

89.7 

74.0 

76.8 

63.9 

69.2 

3 

PK 

47.6 

86.0 

58.9 

64.6 

60.7 

62.2 

4 

P 

52.0 

88.1 

67.2 

68.3 

62.5 

64.5 

5 

N 

51.5 

89.0 

66.0 

70.3 

62.8 

63.4 

6 

NK 

42.9 

73.1 

66.7 

65.2 

66.7 

62.6 



Ash 

1 

Cheek 

62.7 

129 

137 

162 

201 

190 

2 

NPK 

86.5 

149 

161 

198 

214 

223 

3 

PK 

79.5 

141 

148 

187 

212 

213 

4 

P 

76.3 

148 

156 

191 

206 

228 

5 

N 

78.7 

132 

141 

173 

218 

216 

6 

NK 

72.5 

128 

161 

167 

196 

191 


The data for the development of the whole plant are presented first. 
The results for all the plots are discussed collectively under a separate 
heading for each substance determined. After the data are presented from 
the standpoint of the plant as a whole, the distribution of the nutrients be- 
tween heads and straw is discussed. The term straw is used to include all 
that portion of the plant, with the exception of the heads, lying above the 
ground level. 

Experimentation 

Progressive development op the whole plant upon application 
op various nutrients 

All the data for the average weights of substances per plant at the suc- 
cessive stages of growth (table XV)., the corresponding percentage of these 
substances in dry matter (table V), and the amounts of substance in the 
whole plant at the various stages of growth as percentages of the maxima 
(table VI) are given in the following discussion. 


Dry Matter 

The data for dry matter are presented graphically in figure 1. The 
average weight per plant on all plots except no. 6 increased from the first 
sampling to the last. The weights of plants on plot 6 reached a maximum 
the week before harvest and remained constant during the last week. Plots 
2 and 4, whose fertilizer treatments were complete and phosphorus alone, 
respectively, yielded plants of greater weight through the entire growing 
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season. The plants on the check plot had approximately the same weight 
as those on plots 3, 5, and 6 for the first three samplings. Subsequently, the 
plants from the three fertilized plots gradually showed a slight increase 
over those from plot 1. 

It is apparent that phosphorus had the most beneficial effect on growth 
of any of the three nutrients added. When potassium was added with 


TABLE V 

Average percentage of substances in dry matter of entire aerial portion of plant 


Plot 

Fertilizer | 

Substances in dry matter on date of sampling 

TREATMENT 

June 25 

July 6 

July 16 | July 24 

July 31 

Aug. 7 


% % % % % % 


Phosphorus 


1 

Check 

0.273 

0.235 

0.183 

0.174 

0.175 

0.190 

2 

NPK 

0.282 

0.231 

0.177 

0.178 

0.166 

0.174 

3 

PK 

0.272 

0.240 

0.194 

0.170 

0.176 

0.186 

4 

P 

0.272 

0.240 

0.195 

0.163 

0.175 

0.192 

5 

N 

0.250 

0.207 

0.169 

0.159 

0.157 

0.169 

6 

NK 

0.259 

0.211 

0.158 

0.169 

0.162 

0.163 



Sulphur 

1 

Check 

0.289 

0.271 

0.216 

0.207 

0.191 

0.194 

2 

NPK 

0.261 

0.239 

0.184 

0.179 

0.169 

0.168 

3 

PK 

0.249 

0.245 

0.191 

0.187 

0.171 

0.177 

4 

P 

0.275 

0.264 

0.203 

0.190 

0.181 

0.180 

5 

N 

0.282 

0.252 

0.192 

0.193 

0.176 

0.187 

6 

NK 

0.266 

0.242 

0.183 

0.191 

0.183 

0.195 



Nitrogen 

1 

Check 

3.47 

2.38 

1.79 

1.54 

1.48 

1.42 

2 

NPK 

3.57 

2.33 

1.77 

1.60 

1.47 

1.46 

3 

PK 

3.36 

2.31 

1.76 

1.55 

1.48 

1.42 

4 

P 

3.40 

2.32 

1.77 

1.59 

1.47 

1.43 

5 

N 

3.73 

2.55 

1.82 

1.61 

1.49 

1.46 

6 

NK 

3.74 

2.50 

1.79 

1.59 

1.49 

1.43 



Calcium 

1 

Cheek 

0.460 

0.336 

0.243 

0.221 

0.216 

0.202 

2 

NPK 

0.443 

0.331 

0.227 

0.235 

0.210 

0.206 

3 

PK 

0.438 

0.330 

0.223 

0.219 

0.200 

0.201 

4 

P 

0.461 

0.364 

0.250 

0.238 

0.209 

0.195 

5 

N 

0.458 

0.321 

0.246 

0.232 

0.220 

0.200 

6 

NK 

0.468 

0.303 

0.239 

0.217 

0.197 

0.192 



Potassium 

1 

Cheek 

4.38 

3.43 

2.10 

1.64 

1.25 

1.11 

2 

NPK 

4.82 

3.58 

2.09 

1.74 

1.26 

1.21 

3 

PK 

4.24 

3.26 

1.96 

1.62 

1.19 

1.16 

4 

P 

4.25 

3.29 

1.90 

1.57 

1.19 

1.07 

5 

N 

4.46 

3.62 

2.12 

1.63 

1.31 

1.19 

6 

NK 

4.55 

3.63 

2.11 

1.67 

1.45 

1.30 
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TABLE V— (Continued) 


Plot 

Fertilizer 

TREATMENT 

Substances in dry matter on date of sampling 

June 25 | 

July 6 

July 16 

| July 24 

| July 31 | 

Aug . 7 



% 

% 

% 

% 

% 

% 





Soluble ash 



i ; 

Cheek 

8.86 

6.87 

4.29 

3.64 

2.97 

2.86 

2 

NPK 

9.50 

7.23 

4.28 

3.90 ! 

3.03 

3.08 

3 

PK 

9.14 

7.96 

3.90 

3.55 

2.99 

3.02 

4 

P 

9.25 

6.94 

4.12 

3.56 

2.91 

2.83 

5 

N 

10.2 

8.24 

4.46 

3.93 

3.19 

3.00 

6 

NK 

9.95 

7.31 

4.39 

3.79 

3.35 

3.18 



Ash 

1 

Cheek 

14.5 

11.9 

9.54 

10.0 

1 11.2 

9.95 

2 

NPK 

14.8 

12.0 

9.30 

10.1 

1 10.1 

9.91 

3 

PK 

15.3 

14.0 

9.82 

10.3 

10.4 

10.3 

4 

P 

13.6 

11.7 

9.54 

9.95 

9,58 

10.0 

5 i 

N 

15.5 

12.3 

9.56 

9.66 

11.1 

10.2 

6 

NK 

16.8 

12.8 

10.6 

9.71 

9.85 

9.70 



phosphorus, the plants made a poorer growth than with phosphorus alone, 
but when a nitrate fertilizer was added in addition, as on plot 2, the dele- 
terious effect of the potassium fertilizer was offset. It will be noted, how- 
ever, that plot 4, treated only with treble superphosphate, supported just as 
heavy growth as plot 2, fertilized with all three nutrients. 

Since the uptake of mineral nutrients takes place at a rapid pace early 
in the growth of the wheat plant, it might be expected that a readily avail- 
able supply of all nutrients would favor a more rapid development of the 
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TABLE VI 

Average amounts op substances present in aerial portion op plant at various bates 

OP SAMPLING EXPRESSED AS PERCENTAGES OP THE MAXIMA 


Plot 

Fertilizer 

AV. AMOUNT OP SUBSTANCES ON DATES OP SAMPLING 

TREATMENT 

June 25 

July 6 

| July 16 

July 24 | 

July 31 

Aug , 7 



% 

% 

% 

% 

% 

% 





Dry matter 



1 

Check 

22.7 

56.5 

75.4 

84.8 

93.7 

100.0 

2 

NPK 

26.0 

55.1 

76.9 

87.6 

93.8 

100.0 

3 

PK 

25.3 

52.4 

73.3 

88.3 

98.5 

100.0 

4 

P 

24.6 

55.7 

71.5 

84.2 

94.3 

100.0 

5 

N 

24.0 

50.7 

70,1 

84.8 

93.4 

100.0 

6 

NK 

21.7 

50.3 

76.4 

86.4 

i 100.0 

99.0 



Phosphorus 

1 

Cheek 

32.0 

68.8 

71.5 

76.4 

85.1 

100.0 

2 

NPK 

42.2 

73.1 

78.3 

89.5 

89.5 

100.0 

3 

PK 

37.0 

67.4 

76.3 

80.7 

93.0 

100.0 

4 

P 

35.0 

69.8 

72.8 

71.4 

86.0 

100.0 

5 

N 

35.6 

61.9 

70.0 

79.6 

86.8 

100.0 

6 

NK 

34.8 

65.5 

74.5 

90.4 

100.0 

100.0 



Sulphur 

1 

Check 

33.8 

79.2 

84.1 

90.5 

92.4 

100.0 

2 

NPK 

40.2 

78.3 

84.1 

93.4 

94.4 

100.0 

3 

PK 

35.6 

72.6 

78.9 

93.4 

95.1 

100.0 

4 

P 

37.8 

81.7 

80.7 

88.8 

95.1 

100.0 

5 

N 

36.2 

68.3 

71.9 

87.6 

87.8 

100.0 

6 

NK 

29.9 

62.9 

72.2 

85.2 

94.8 

100.0 



Nitrogen 

1 

Check 

55.3 

94.8 

95.2 

92.3 

97.8 

100.0 

2 

NPK 

63.2 

87.8 

93.0 

96.0 

94.2 

100.0 

3 

PK 

58.1 

82.7 

88.4 

93.7 

100.0 

97.3 

4 

P 

58.6 

90.5 

88.7 

93.9 

96.9 

100.0 

5 

N 

61.2 

88.3 

87.4 

93.2 

95.1 

100.0 

6 

NK 

54.2 

84.2 

91.6 

92.3 

100.0 

94.9 



Calcium 

1 

Cheek 

51.4 

93.8 

90.4 

92.5 

100.0 

99.7 

2 

NPK 

55.9 

88.6 

84.9 

100.0 

95.7 i 

99.8 

3 

PK 

55.1 

86.0 

81.4 

96.4 

97.8 

100.0 

4 

i P 

56.1 

100.0 

88.3 

98.7 

97.2 

96.3 

5 

N 

53.6 

79.2 

84.1 | 

96.1 

100.0 

97.2 

6 

NK 

51.5 

77.3 

92.6 

95.2 

100.0 

96.7 



Potassium 

1 

Check 

51.4 

100.0 

81.6 

71.9 

60.3 

57.8 

2 

NPK 

63.3 

100.0 

81.5 

77.0 

59.9 

61.5 

3 

PK 

62.8 

100.0 

84.1 

83.5 

68.8 

67.6 

4 

| P 

57.2 

100.0 

74.2 

72.2 

61.0 

58.6 

5 

1 N 

58.4 

100.0 

81.1 

75.2 

66.7 

64.9 

6 

NK 

54.0 

100.0 

88.4 

79.3 

79.3 

70.8 
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TABLE VI — ( Continued ) 



Fertilizer 

AV. AMOUNT OF SUBSTANCES ON DATES OF SAMPLING 


TREATMENT 

June 25 

July 6 

July 16 

July 24 

July 31 

Aug. 7 



% 

% 

% 

% 

% 

% 





Soluble ash 



1 

Check 

51.8 

100.0 

83.3 

79.4 

71.6 

73.7 

2 

NPK 

61.9 

100.0 

82.5 

85.6 

71.2 

77.1 

3 

PK 

55.3 

100.0 

68.5 

75.1 

70.6 

72.3 

A 

P 

59.0 

100.0 

76.3 

77.5 

70.9 

73.2 

5 

N 

57.9 

100.0 

74.3 

79.0 

70.6 

71.2 

6 

NK 

58.7 

100.0 

91.2 

89.2 

91.2 

85.6 



Ash 

1 

Check 

31.2 

64.2 

68.2 

80.6 

100.0 

94.5 

2 

NPK 

38.8 

66.8 

72.2 

88.8 

96.0 

100.0 

3 

PK 

37.3 

66.2 

69.5 

87.8 

99.5 

100.0 

4 

P 

33.5 

64.9 

68.4 

83.8 

90.4 

100.0 

5 

N 

36.1 

60.6 

64.7 

79.4 

100.0 

99.1 

6 

NK 

37.0 

65.3 

82.1 

85.2 

100.0 

97.4 


plant during the early stages of growth. This is demonstrated in the case 
of plot 2 where the plants had a higher percentage of their maximum weight 
present at the first sampling than the plants of any of the other plots. The 
plants from plots 1 and 6 had a lower percentage of their maximum devel- 
opment present at the first sampling than the plants of the other plots. 

Phosphorus 

The data for phosphorus are presented graphically in figure 2. The 
percentage of phosphorus of the plants of all plots showed a sharp decline 
to the third and fourth samplings when a slight increase took place. The 
plants from the three plots to which nitrate was added had the lowest per- 
centages on the final sampling dates. The effect of phosphorus upon the 
percentage nitrogen is a well established fact and has been noted by many 
workers a ii), but the reciprocal relationship is not so well established. 
It must be observed, however, that at the first sampling the plants from 
plot 2 had the highest percentage phosphorus of the six, indicating that 
when ample phosphorus is available, nitrates do not exert this depressing 
effect during the early periods of rapid assimilation. 

It was pointed out in the previous section that plot 3, fertilized with 
phosphorus and potassium, produced plants of lower weight than did plot 4, 
fertilized with phosphate alone. That this deleterious effect was not due to 
a depressing effect of potassium upon phosphorus assimilation is shown by 
the percentage data in figure 2. The percentages of phosphorus in the 
plants from plots 3 and 4 were nearly identical from the first sampling to 
the last, and both were comparatively high. 
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Fig. 2. Upper graph, phosphorus as percentage of dry matter 3 lower graph, phos- 
phorus as milligrams per plant. 

In all cases the maximum amount of phosphorus was present in the 
plants at the last sampling and the plants from all plots, except plot 6, 
showed a considerable increase between the last two samplings. This is at 
variance with the findings of both the German and the English workers. 

Sulphur 

The data for sulphur are presented graphically in figure 3. Between 
the first and second samplings the percentage of sulphur of the plants from 
all the plots showed a slight decrease. Between the second and third 
samplings the plants from all the plots again followed similar trends and 
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decreased sharply. With one or two exceptions there was once more a 
slow decrease in the percentage of sulphur from the third to sixth samplings. 
The plants from the check plot showed the highest percentage of sulphur 
throughout their entire growth, indicating that an ample supply of sulphur 
is present in the soil and that in the check plot sulphur took the place of 
some of the plant nutrients that were added to the fertilized plots. 

This disposition of plants to take up readily available minerals is again 
demonstrated in the case of the completely fertilized plot 2. At four of 
the six sampling dates the plants from plot 2 had the lowest percentage of 
sulphur, showing that in the presence of an ample supply of phosphorus, 
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potassium, and nitrogen sulphur was used less extensively. Although the 
plants on plots 2 and 4 made nearly identical growth, the percentage of 
sulphur in the plants of plot 4 was at least 10 per cent, greater than that 
in the plants of plot 2 at all stages of growth. 

The milligrams of sulphur per plant increased progressively in all plots 
during the entire growing season. Most of the sulphur, however, had been 
assimilated by the plant at the time of the second sampling. The per- 
centages of the maxima at this time ran from 62.9 per cent, in the ease 
of plot 6 to 81.7 per cent, in the case of plot 4. 

No comparisons can be made with the English or the German investiga- 
tions for neither study included a determination of sulphur. Woodford 
and McCalla (16) determined sulphur and found it increasing in the plants 
from the two plots grown on black soil until next to the last sampling, when a 
sharp decrease took place. The amounts of sulphur in the plants from the 
plots grown on the gray soil showed a slight increase from the first to the 
fourth samplings and remained practically constant from that time until 
harvest. 

The data for sulphur apparently reflect the effect of the very dry weather 
and of the subsequent irrigation. The rate of assimilation diminished be- 
tween the second and third samplings and increased again after water was 
finally applied to the plots. 

Nitrogen 

The graphical representation of the nitrogen data is given in figure 4. 
The percentage of nitrogen decreased asymptotically from the first to the last 
samplings. The percentages on the last four samplings are extremely close 
together. In fact on next to the last sampling date the percentage data 
from all six plots are very nearly within the limits of the experimental error 
of a Kjeldahl nitrogen determination. 

These data demonstrate the effectiveness of a progressive development 
study in plant nutrition for it was only at the first two sampling dates that 
the effect of nitrates upon the percentage composition of the plant could be 
observed. At the first sampling the plants from plots 5 and 6, to which 
nitrate, and nitrate plus potassium were added, respectively, had the highest 
percentage of nitrogen and the next highest percentage was found in the 
plants of plot 2, fertilized with nitrate, potassium, and phosphorus. 

When the amounts of nitrogen are plotted, wide differences become ap- 
parent between the various plots. The plants from plots 2 and 4 showed 
the highest amount of nitrogen at all sampling dates, with the plants from 
plot 2 running considerably above those from plot 4 at the third and fourth 
samplings. This may possibly be due to the fact that nitrate was added 
to plot 2 and hence was available during the dry period when the produc- 
tion of nitrates by soil bacteria had probably almost ceased. 
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T/ME EROMSEEDm -DAI'S 

Pig. 4. Upper graph, nitrogen as percentage of dry matter ; lower graph, nitrogen 
as milligrams per plant. 

A large amount of nitrogen was assimilated by the wheat on all plots 
between the first and second samplings and a much smaller amount entered 
the plant from the second sampling until harvest. The amounts of nitrogen 
present at the second sampling as percentages of the maxima run from 82.7 
to 94.8 per cent. However, the data show nitrogen increased until the final 
harvest on all plots except plots 3 and 6. These two plots showed a slight 
decrease between the fifth and sixth samplings. 

The German investigation showed nitrogen reached a maximum three 
weeks before harvest and suffered a subsequent loss of 20 per cent. Knowles 
and Watkin (9) found that nitrogen reached a maximum about four weeks 
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before harvest, but remained constant for the remainder of the growing 
season. Brenchley (4) found assimilation of nitrogen proceeding until 
a week before maturity was reached. The investigation of Woodford and 
McCalla (16) shows nitrogen increasing until the final harvest. 

Calcium 

The data for calcium are presented graphically in figure 5. Little 
information can be drawn from the percentage data of the calcium de- 
terminations. The percentages of calcium in the plants from all the plots 
at the various dates of sampling are very similar. The percentage of cal- 
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Fig. 5. Upper graph, calcium as percentage of dry matter ; lower graph, calcium as 
milligrams per plant. 
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cium decreased in all eases from the first to the last sampling with by far 
the largest decrease taking place between the first and third samplings. 

The data for the milligrams of calcium per plant show a heavy assimila- 
tion took place between the first and second samplings. With the excep- 
tion of the plants from plots 5 and 6, there was a loss of calcium between 
the second and third samplings. Between the third and fourth samplings 
a reversal of the movement of calcium took place and there once more is a 
gain. From the fourth to the last samplings little change takes place. This 
reversal of movement of calcium was without doubt the effect of the hot dry 
weather upon the plant. When water was applied to the plants assimilation 
increased and there was a net gain in the amount of calcium in the plant. 




Fie. 6. Upper graph, potassium as percentage of dry matter; lower graph, potassium 
as milligrams per plant. 
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Calcium was not determined in the German investigation, but the En- 
glish workers reported a loss of 19 per cent, of the calcium during the last 
sis weeks of growth. The results of Woodford and McCalla (16) show 
a loss of calcium during the last fifteen days in the plants from two of their 
four plots. A small loss was noted in the present investigation in the case 
of the plants from plots 4, 5, and 6. The plants from plot 4 showed the 
largest amount of calcium at the second sampling, the plants from plots 1, 
5, and 6 at the fifth sampling, and the plants from plot 3 at the last 
sampling. 

Potassium 

The data for potassium are presented graphically in figure 6. The per- 
centage of potassium in the plants from all plots decreased steadily from 
the first sampling until harvest with the plants from each plot showing a 
uniform decrease. The difference between the plants of the various plots 
was not pronounced but it will be noted that in all cases the plants from 
plots to which nitrate was added have the highest percentage of potassium. 

The plants from plot 3, which was fertilized with phosphorus and po- 
tassium, and from plot 4, which was fertilized with phosphorus alone, had 
the lowest percentage of potassium at all stages of growth. The plants 
from plot 2, which received an application of nitrate in addition to the 
phosphorus and potassium, contained a higher percentage of potassium. 
These facts indicate that phosphorus depresses the assimilation of potassium 
unless there is an ample supply of nitrates available to the plant. 

The total amount of potassium in the plants of all plots reached a maxi- 
mum at the second sampling and decreased from that time until harvest. 
The amounts of potassium lost by the plants, expressed as percentages of 
the maxima, vary from 29.2 per cent, in the plants of plot 6 to 42.2 per 
cent, in the plants from plot 1. The rapid assimilation of potassium and 
the attainment of a maximum early in the growth of the wheat plant was 
observed by the German workers, the English workers, and Woodford and 
McCalla (16). Berry (3) found the same thing in his study of the pro- 
gressive development of the oat plant. 

Soluble ash 

The data for soluble ash are presented graphically in figure 7. The 
curves plotted for the percentage of soluble ash in the plants are nearly 
identical with the curves for the percentage of potassium in the plant. This 
is not strange when it is observed that the weights of potassium in the plants 
are nearly one-half the weights of soluble ash. When the weights of the 
anions accompanying the potassium are taken into consideration, it is evi- 
dent that potassium salts must compose the major portion of the soluble ash. 

The wheat from the three plots to which nitrates were added had the 
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*3 S3 63 73 83 

T/ME FROM SEED/MG ~ DAYS 

Fig. 7. Upper graph, soluble ash as percentage of dry matter; lower graph, soluble 
ash as milligrams per plant. 

highest percentages of soluble ash. The wheat from these three plots also 
had the highest percentage of potassium. 

The amount of soluble ash in the plants again reflects the behavior of 
potassium. Like potassium, the soluble ash reached a maximum in the 
plants from all the plots at the second sampling. Prom the second to the 
third sampling a considerable loss occurred, but in the interim between the 
third and fourth samplings the loss was not so large in the plants from 
plots 4, 5, and 6 and there was even a gain in the plants from plots 2, 3, 
and 4. This gain in soluble ash was probably due to the combined effect 
of the decrease in the downward movement of potassium and the increase 
in the assimilation of phosphorus, sulphur, and calcium. 
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Ash 

The data for ash are presented graphically in figure 8. The percentage 
of ash declined until the third sampling and then showed a slight increase 
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Fig. 8. Upper graph, ash as percentage of dry matter; lower graph, ash as milli- 
grams per plant. 


in most eases. An unusual jump in percentage of ash occurred in the plants 
from plots 2 and 5 at the fifth sampling date. The writer can advance no 
logical explanation for this unless it may be attributed to the error which 
would be reflected in the amount of ash by the inclusion of soil or dust par- 
ticles in the samples. Care was taken to remove as much of the adhering 
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soil from the plants as possible, but it may be that some soil escaped detec- 
tion. Any soil left adhering to the plants would, of course, add to the 
amount of ash determined. 

The amounts of ash in the plants from all plots increased from the first 
to the fifth samplings. In the period between the last two samplings the 
amount of ash in the plants from plots 2, 3, 5, and 6 remained fairly con- 
stant while the ash in the plants from plot 4 continued to increase. 

Effects of nutrients on the whole plant 

The results have shown that the wheat grown for this investigation was 
still assimilating most of the plant nutrients at the time of harvest. Potassium 
reached a maximum at the second sampling date and suffered a subsequent 
loss, but sulphur, phosphorus, and nitrogen were still entering the plant when 
the last samples were collected. The amounts of calcium changed very little 
during the last two weeks of growth. 

The previous studies on the progressive development of the wheat plant 
have shown assimilation ceasing earlier in the growth of the plant. The 
German workers (15) found nitrogen and phosphorus reached their maxima 
three weeks before harvest. Nitrogen suffered a subsequent loss and phos- 
phorus remained constant. The English workers (9) found nitrogen and 
phosphorus assimilation ceased several weeks before harvest and the amount 
remained practically constant until harvest. They did not determine sul- 
phur, but found calcium reached a maximum slightly in advance of phos- 
phorus and nitrogen and later suffered a slight loss. Woodford and 
McCalla (16) found nitrogen increased until harvest. In three of their 
four plots phosphorus increased until harvest. Calcium showed but little 
change during the last three weeks. Sulphur reached a maximum two 
weeks before harvest and suffered a subsequent loss in two of their four 
plots. In the other two little change took place in the last three weeks. 

The probable cause of this late assimilation of plant nutrients is the 
relatively short period of time which elapsed between seeding and harvest- 
ing of the wheat used in this study. The wheat was seeded on May 13 and 
harvested 87 days later on August 8. The average time between the seeding 
and harvesting of spring wheat in Montana is close to 120 days (2). The 
wheat used in the German study was seeded April 23 and harvested 127 
days later on August 28. The period for the wheat used in the Canadian 
study was 114 days. It is apparent that an 87-day period is much shorter 
than the normal period of growth. 

From the data of the three investigations in which spring wheat was 
grown, it is obvious that the length of the growing season may alter the 
conclusions reached in a study of this kind. The evidence indicates that 
the plant tends to assimilate nutrients over a certain length of time re- 


DONALDSON : MINERAL NUTRITION OF WHEAT 


757 


gardless, or, perhaps we should say, in spite of its state of desiccation. 
Naturally the amount of moisture in a plant may in a large measure govern 
the movement of nutrients, but it is probably true that if the growing 
season of the wheat plant has been cut abnormally short by drought, 
nutrients will continue to be assimilated until late in the life of the plant. 

As described earlier in this paper, the wheat was irrigated on July 21, 
three days before the fourth set of samples was collected. The effect of this 
irrigation upon the movement of nutrients in the wheat plant is definitely 
shown by the shape of the curves representing the milligrams of nutrients per 
plant. From July 6 to 16 there was a definite reduction in the rate of 
assimilation of nearly all the nutrients, indicating that the plants were drying 
out to such an extent that movement of nutrients was becoming extremely 
slow. The data for the last three samplings show the effect of the irrigation 
on July 21. It is evident that the roots of the plant were able to absorb 
enough moisture to allow the nutrients to once more resume their movement 
in the plant. 

This is illustrated nicely by the movement out of the plant by potassium. 
Between the second and third samplings potassium moved out rapidly, but the 
rate decreased markedly between the third and fourth samplings. After the 
water was applied to the plots, the downward movement was again accelerated. 
Although the decrease in the movement of potassium w r as not found in the 
plants from plots 1, 5, and 6, it was very apparent in the plants from the 
remaining plots. It is interesting to note that in the case of all the nutrients 
determined, the added moisture resulting from the irrigation tended to 
produce an upward movement into the plant while in the case of potassium 
the downward movement was accelerated. Thus it appears that the down- 
ward movement of potassium is due in part to factors other than the natural 
desiccation of the plant as it approaches maturity. 

The anions which are associated with potassium in its downward migra- 
tion are not easily identified in this study. It is quite possible that some 
sulphate ions migrate from the upper portion of the plant with the potassium. 
As mentioned before, Woodford and McCalla (16) found a loss of sulphur 
occurred in the wheat from two of their plots. The English workers were the 
only ones to include a determination of chlorine and they found that chlorine 
moved downward in the plant at about the same time and at the same rate as 
did potassium. The loss in equivalents of chlorine, however, was far less 
than the loss in equivalents of potassium. It is possible, therefore, that the 
gain or loss noted in the nutrients of the wheat plant over a period of time 
is a net gain or loss resulting from the movement of ions both upward and 
downward in the plant. 

The plants from plots 5 and 6, which were fertilized with nitrogen 
and nitrogen and potassium, respectively, exhibited a behavior decidedly 
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different from the plants of the other plots. This is especially true in the 
case of the plants of plot 6. It will be noted that the movement of most of the 
nutrients in the plants of these plots was less affected by the drought and 
subsequent irrigation. It has been frequently observed that an ample supply 


TABLE YII 

Amounts of substances in leaves and stems, and in heads, expressed 

AS MILLIGRAMS PER PLANT 


Plot 

Fertilizer 

treatment 

Substances on date of sampling 

Leaves and stems 

Heads 

July 24 

July 31 

Aug. 7 

July 24 

July 31 

Aug. 7 



mg . 

mg . 

mg . 

mg . 

mg . 

mg . 





Dry matter 



1 

Cheek 

1130 

1010 

950 

490 | 

780 

960 

2 

NPK 

1320 

1170 

1180 

650 

940 

1070 

3 

PK 

1180 

1080 

1040 

640 

950 

1020 

4 

P 

1240 

1180 

1130 

680 

970 

1150 

5 

N 

1220 

1150 

1080 

570 

820 

1030 

6 

NK 

1130 

1120 

1000 

590 

870 

970 



Phosphorus 

1 

Cheek 

1.06 

0.61 

0.47 

1.76 

2.53 

3.22 

2 

NPK 

1.19 

0.69 

0.55 

2.31 

2.81 

3.36 

3 

PK 

1.04 

0.67 

0.52 

2.06 

2.90 

3.32 

4 

P 

1.00 

0.77 

0.53 

2.12 

2.99 

3.84 

5 

N 

0.90 

0.67 

0.51 

1.94 

2.43 

3.06 

6 

NK 

0.88 

0.65 

0.45 

2.03 

2.57 

2.77 



Sulphur 

1 

Cheek 

2.62 

1.92 

1.88 

0.73 I 

1.50 ! 

1.82 

2 

NPK 

2.68 

1.91 

1.92 

0.85 

1.66 ! 

1.86 

3 

PK 

2.54 

1.87 

1.78 

0.87 

1.60 

1.87 

4 

P 

2.68 

2.22 

2.06 

0.96 

1.68 

2.04 

5 

N 

2.64 

2.09 

2.01 

0.82 

1.38 

1.94 

6 

NK 

2.42 

2.10 

1.94 

0.86 

1.55 

1.91 



Nitrogen 

1 

Cheek 

13.8 

8.59 

6.09 

11.2 

17.9 

21.0 

2 

NPK 

16.1 

9.59 

7.79 

15.5 

21.4 

25.1 

3 

PK 

13.7 

9.07 

6.66 

14.5 

21.0 

22.6 

4 

P 

14.8 

10.3 

7.12 

15.8 

21.3 

25.5 

. 5 

. N 

15.3 

10.9 

7.67 

13.5 

18.5 

23.2 

6 

NK 

13.3 

10.4 

6.90 

14.1 

19.3 

21.3 



Calcium 

1 

Cheek 

3.10 

3.09 

3.07 

0.48 

0.78 

0.79 

2 

NPK 

4.00 

3.53 

3.66 

0.63 

0.90 

0.96 

3 

PK 

3.35 

3.20 

3.28 

0.64 

0.85 

0.86 

4 

P 

3.86 

3.65 

3.48 

0.70 

0.84 

0.97 

5 

N 

3.57 

3.58 

3.33 

0.59 

0.75 

0.88 

6 

NK 

3.19 

3.12 

2.95 

0.54 

0.80 

0.84 



DONALDSON: MINERAL NUTRITION OF WHEAT 


759 


TABLE VII — ( Continued ) 


Plot 

Fertilizer 

TREATMENT 

Substances on date of sampling 

Leaves and stems 

Heads 

July 24 

July 31 

Aug. 7 

July 24 

July 31 

Aug. 7 



mg . 

mg . 

mg . 

mg . 

mg . 

mg . 





Potassium 



1 

Cheek 

22.3 

16.2 

14.3 

4.32 

6.10 

7.09 

2 

NPK 

28.2 

18.8 

19.2 

6.03 

7.76 

8.08 

3 

PK 

23.2 

17.0 

16.0 

6.16 

7.24 

7.77 

4 

P 

23.6 

17.7 

16.4 

6.58 

7.76 

8.13 

5 

N 

23.9 

19.0 

17.1 

5.16 

6.84 

7.98 

6 

NK 

23.3 

20.8 

17.8 

5.50 

8.02 

7.92 



Soluble ash 

1 

Cheek 

46.3 

34.5 

32.8 

12.6 

18.6 

21.9 

2 

NPK 

60.2 

41.4 

45.1 

16.6 

22.5 

24.1 

3 

PK 

48.9 

38.7 

39.1 

15.7 

22.0 

23.1 

4 

P 

50.6 

40.0 

39.0 

17.7 

22.5 

25.5 

5 

N 

55.8 

43.5 

40.0 

14.5 

19.3 

23.4 

6 

NK 

49.9 

45.1 

40.0 

15.3 

21.6 

22.6 



Ash 

1 

Cheek 

134 

155 

135 

28.2 

46.0 

55.4 

2 

NPK 

163 

162 

164 

35.0 

51.7 

58.7 

3 

PK 

152 

158 

155 

34.9 

54.1 

57.5 

4 

P 

153 

152 

161 

38.0 

53.7 

66.6 

5 

1 N 

142 

171 

159 

31.1 

47.4 

57.3 

6 

NK 

136 

148 

138 

31.4 

47.8 

53.4 


of nitrates produces heavy vegetative growth and tends to delay maturity 
(13, 14). The plants on these plots did not appear to have excessive leaf 
growth, but they did possess a high percentage of soluble salts. It may be 
that this fact contributed to their being less affected by the drought as regards 
the movement of nutrients. 

Distribution of substances between heads and straw 

The samples gathered on the last three sampling dates were divided 
into heads and straw for separate analyses. Table VII gives the amounts 
of substances, expressed as milligrams per plant, present in the heads and in 
the straw. Table VIII gives the amounts of substances present in the straw 
and in the heads, expressed as percentages of the dry matter, Table IX gives 
the amounts of substances present in the heads at the last three dates of 
sampling, expressed as percentages of the amounts present in the whole plant. 

Figures 9 and 10 represent graphically the milligrams of substances 
present in the whole plant at the last three samplings and the distribution of 
these substances between the heads and the straw. The data from the three 
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successive samplings are grouped together for each plot. The six groups 
representing the six plots are arranged in numerical order from left to right. 
All eight charts in figures 9 and 10 are drawn to the same scale with the 
appropriate factor given with the name of the substance to illustrate the 
comparative amounts of the different substances present in the plant. 

TABLE VIII 


Average percentage of substances in dry matter of leaves and stems, and of heads 


Plot 

Fertilizer 

TREATMENT 

I Substances in dry matter on date of sampling 

Leaves and stems 

Heads 

July 24 

July 31 

Aug. 7 

July 24 | 

July 31 

| Aug. 7 



% 

% 

% 

% 

% 

% 





Phosphorus 



1 

Check ! 

0.094 

0.060 

0.049 

0.360 

0.324 

0.328 

2 

NPK 

0.090 

0.059 

0.047 

0.355 

0.299 

0.314 

a 

PK 

0.088 

0.062 

0.050 

0.322 

0.305 

0.325 

4 

P 

0.081 

0.065 

0.047 

0.312 

0.308 

0.334 

5 

N 

0.074 

0.058 

0.047 

0.340 

0.296 

0.297 

6 

NK 

0.078 

0.058 

0.045 

0.344 

0.295 

0.286 



Sulphur 

1 

Cheek 

0.232 

0.190 

0.198 

0.148 

0.192 l 

0.190 

2 

NPK | 

0.203 

0.163 

0.163 

0.131 

0.177 

0.174 

3 

PK 

0.215 

0.173 

0.171 

0.136 

0.168 

0.183 

4 

P 

0.216 

0.188 

0.182 

0.141 

0.173 

0.177 

5 

N 

0.216 

0.182 

0.186 

0.143 

0.168 

0.188 

6 

NK 

0.214 

0.188 

0.194 

0.145 

0.178 

0.197 



Nitrogen 

1 

Check 

1.22 

; 0.85 

0.64 

2.29 

2.30 

2.19 

2 

NPK 

1.22 

0.82 

0.66 

2.39 

2.28 

2.35 

3 

PK 

1.16 

0.84 

0.64 

2.26 

2.21 

2.22 

4 

P 

1.19 

0.87 

0.63 

2.33 

2.20 

2.22 

5 

N 

1.25 

0.95 

0.71 

2.37 

2.26 

2.25 

6 

NK 

i 1.18 

0.93 

0.69 

2.39 

2.22 

2.20 



Calcium 

1 

Check 

0.275 

0.306 

0.323 

0.097 

0.092 

0.082 

2 

NPK 

0.303 

0.298 

0.310 

0.097 

0.100 

0.090 

3 

PK 

0.284 

0.296 

0.315 

0.100 

0.089 

0.084 

4 

P 

0.311 

0.309 

0.308 

0.103 

0.087 

0.084 

5 

N 

0.293 

0.311 

0.308 

0.103 

0.092 

0.085 

6 

NK 

0.282. 

0.279 

0.295 

0.092 

'i 

0.092 

0.087 



Potassium 

1 

Cheek 

1.97 

1.60 

1.50 

0.882 

0.782 

0.739 

2 

NPK 

2.14 

1.61 

1.63 

0.927 

0.825 

0.755 

3 

PK 

1.97 

1.57 

1.54 

0.963 

0.762 

0.762 

4 

P 

! 1.90 

1.50 

1.45 

0.967 

0.800 

0.707 

5 

N 

! 1.96 

1.65 

1.58 

0.905 

0.834 

0.775 

6 

; NK 

2.06 

1.86 

1.78 

0.933 

0.922 

0.817 
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TABLE VIII — ( Continued ) 


Plot 

Fertilizer 

TREATMENT 

Substances iis 

DRY MATTER ON DATE OP SAMPLING 

Leaves and stems 


Heads 




July 24 

July 31 

Aug. 7 

July 24 

July 31 

Aug. 7 



% 

% 

% 

% 

% 

% 





Soluble ash 



1 

Check 

4.10 

3.42 

3.45 

. 2.58 

2.38 

2.28 

2 

NPK 

4.56 

3.54 

3.82 

2.56 

2.39 

2.25 

3 

PIC 

4.14 

3.58 

3.76 

2.46 

2.32 

2.26 

4 

P 

4.08 

3.39 

3.45 

2.61 

2.32 

2.22 

5 

. N. 

4.57 

3.78 

3.70 

2.54 

2.35 

2.27 

6 

NK 

4.42 

4.03 

4.00 

2.60 

2.48 

2.33 



Ash 

1 

Check 

11.9 

15.3 

14.2 

5.76 

5.89 

5.77 

2 

NPIC 

12.4 

13.8 

13.9 

5.38 

5.50 

5.49 

3 

PIC 

12.9 

14.7 

14.9 

5.46 

5.69 

5.64 

4 

P 

12.3 

12.9 

14.3 

5.59 

5.54 

5.79 

5 

N 

11.7 

14.8 

14.7 

5.46 

5.78 

5.56 

6 

NK 

12.0 

13.2 

13.8 

5.32 

5.49 

5.51 


The percentages of substances present in the heads of the plants were in 
most eases quite different from the percentages of substances in the whole 
plant. It may be noted, however, that if a fertilizer treatment affected the 



Fig. 9. Amounts of substances (expressed as milligrams per plant) present in the 
whole plant on the last three sampling dates and distribution of these substances between 
straw and heads. 
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TABLE IX 

Average amounts of substances in heads of plant expressed as percentages -of 

AMOUNTS PRESENT IN ENTIRE AERIAL PORTION 


Plot 

Fertilizer 

TREATMENT 

AV. AMOUNTS OF SUBSTANCES ON DATE OF SAMPLING 

July 24 

July 31 

August 7 



% 

% 

% 




Dry matter 


1 

Check 

30.2 

43.6 

50.3 

2 

NPK 

33.0 

44.5 

47.6 

3 

PK 

35.2 

46.8 

49.5 

4 

P 

35.4 

45.1 

50.4 

5 

N 

31.8 

41.6 

48.8 

6 

NK 

34.3 

43.7 

49.2 



Phosphorus 

1 

Check 

62.4 

80.6 

87.3 

2 

NPK 

66.0 

80.3 

85.9 

3 

PK 

66.5 

81.2 

86.5 

4 

P 

67.9 

79.5 

87.9 

5 

N 

68.3 

78.4 

85.7 

6 

NK 

69.8 

79.8 

86.0 



Sulphur 

1 

Cheek 

21.8 

43.8 

49.2 

2 

NPK 

24.1 

46.5 

49.2 

3 

PK 

25.5 

46.1 

51.2 

4 

P 

26.4 

43.1 

49.8 

5 

N 

23.7 

39.8 

49.1 

6 

NK 

26.2 

42.5 

49.6 



Nitrogen 

1 

Cheek 

44.8 

67.5 

77.5 

2 

NPK 

49.1 

69.0 

76.3 

3 

PK 

51.4 

69.8 

77.1 

4 

P 

51.6 

67.4 

78.2 

5 

N 

46.9 

62.9 

75.1 

6 

NK 

51.5 

65.0 

75.5 



Calcium 

1 

Check 

13.4 

20.2 

20.5 

2 

NPK 

13.6 

20.3 

20.8 

3 

PK 

16.0 

21.0 

20.8 

4 

P 

15.4 

18.7 

21.8 

5 

N 

14.2 

17.3 

20.9 

6 

NK 

14.5 

20.4 

22.2 



Potassium 

1 

Check 

16.2 

27.4 

33.1 

2 

NPK 

17.6 

29.2 

29.6 

3 

PK 

21.0 

29.9 

32.6 

4 

P 

21.8 

30.4 

33.2 

5 

N 

17.7 

26.5 

31.8 

a 

NK 

19.1 

27.8 

• 30.8 
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TABLE I X— (Continued) 


Plot 

Fertilizer 

AV. AMOUNTS OF SUBSTANCES ON DATE OP SAMPLING 

TREATMENT 

July 24 

July 31 

August 7 



% 

% 

% 




Soluble ash 


1 

Check 

21.3 

35.0 

40.0 

2 

NPK 

21.6 

35.2 

34.8 

3 

PK 

24.3 

36.2 

37.1 

4 

P 

25.9 

36.0 

39.5 

5 

N 

20.6 

30.7 

36.9 

6 

NK 

23.5 

32.4 

36.1 



Ash 

1 

Cheek 

17.4 

22.9 

29.2 

2 

NPK 

17.7 

24.2 

26.3 

3 

PK 

18.7 

25.5 

27.0 

4 

P 

19.9 

26.1 

29.2 

5 

N 

18.0 

21.7 

26.5 

6 

NK 

18.8 

24.4 

28.0 


composition of the whole plant in a certain manner, it also affected the com- 
position of the head similarly. For example, the lowest percentage of sulphur 
was found in the plants from plot 2, and likewise the heads from plot 2 had 
the lowest percentage of sulphur. 



Fig. 10. Amounts of substances (expressed as milligrams per plant) present in the 
whole plant on the last three sampling dates and distribution of these substances between 
straw and heads. 
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The only exception found to this observation is the case of nitrogen. The 
percentage of nitrogen in the heads of plants from plot 2 was considerably 
higher than the percentage of nitrogen in the heads of the plants from the 
other plots in spite of the fact that the whole plants from all of the plots had 
nearly identical nitrogen percentages at the last three sampling dates. 

At the last two sampling dates the straw of plots 5 and 6 had higher per- 
centages of nitrogen than the straw from the remaining plots. The reason 
for this fact is seen in the values given in table IX, which show that a lower 
percentage of the nitrogen of the whole plant was transferred to the heads 
of the plants from plots 5 and 6. 

There was remarkably little difference between the relative weights of 
heads per plant from the various plots. On all plots the heads formed almost 
exactly half the weight of the whole plant at harvest and it appears that the 
type of fertilizer applied to the plot had little effect upon this ratio. 

Figures 9 and 10 show that there were approximately the same amounts 
of sulphur, phosphorus, and calcium present in the whole plant at maturity 
but that the distribution of these elements between the heads and the straw 
varied markedly. Approximately 85 per cent, of the phosphorus present 
in that portion of the plant lying above the ground was found in the heads. 
The heads contained approximately 50 per cent, of the sulphur and only 20 
per cent, of the calcium. The elements nitrogen and potassium each repre- 
sented about the same percentage of the dry matter of the mature plant. 
This percentage is approximately eight times ‘the percentage of any of the 
three elements, sulphur, phosphorus, or calcium, and, althought nitrogen and 
potassium were present in the whole plant in 'approximately equal amounts, a 
large difference was found in the way they; *vere distributed between the 
heads and the remainder of the plant. The heajds contained about 75 per 
cent, of the nitrogen, but only 30 per cent, of the potassium. A greater 
proportion of phosphorus was Iffeulid in the wheat heads than any of the five 
elements studied. 1 

In nearly all cases the amounts of all the substances in the heads of the 
plants increased from the fourth to the sixth samplings. The rate of increase 
was very rapid between the fourth and fifth samplings and somewhat slower 
between the fifth and sixth samplings. Practically all the calcium and most 
of the potassium which entered the heads was found there at the fifth sam- 
pling. On the other hand, phosphorus, sulphur, and nitrogen were still 
entering the heads at the final sampling date. 

Summary 

1. The nutrition of Marquis wheat as influenced by five different fertilizer 
treatments was followed progressively through the growing season. 

2. With few exceptions the amounts of dry matter, phosphorus, sulphur, 
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and nitrogen increased progressively from the first to the last sampling. 
Potassium reached a maximum in the plants from all plots one month before 
harvest and suffered a subsequent loss from that time until harvest. Calcium 
increased rapidly until one month before harvest and then remained fairly 
constant. 

3. Curves for the rate of assimilation of the nutrients showed the effect 
of drought and subsequent irrigation upon the movement of plant nutrients. 
As the desiccation progressed there was a decreased movement of phosphorus, 
calcium, nitrogen, and sulphur into the plant and following the application 
of water the upward movement again increased. Potassium was moving out 
of the plant at this time and the desiccation of the plant decreased the down- 
ward movement. Following irrigation the downward movement increased. 

4. The results show that the length of the growing season may alter the 
conclusions drawn from a progressive development study. 

5. On all the plots the heads formed almost exactly half the dry weight 
of the aerial portion of the plant and the type of fertilizer treatment had 
little effect upon this ratio. 

6. Approximately equal amounts of calcium, phosphorus, and sulphur 
were present in the plant at maturity, but the distribution of these elements 
between heads and straw varied markedly. 

7. Practically all the calcium and most of the potassium which entered 
the heads was found there a week before harvest. Phosphorus, sulphur, and 
nitrogen, however, were still entering the heads when the grain was harvested. 

Department op Chemistry 

Montana Agricultural Experiment Station 
Bozeman, Montana 
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SALT TOLERANCE OF PLANTS AT VARIOUS 
TEMPERATURES 1 

S. M. A h i and W . L. Powers 
(with three figures) 

Introduction 

The interesting observation was made that yellow sage ( Chrysotkamnus 
viscidiflorus) grows in Klamath Basin at some 4200 feet elevation on soil 
having a reaction of pH 9.5 to 10, while in the hotter climate of Malheur 
Valley, at an elevation of 2000 feet, it grows on soil of a reaction value of 
approximately 9. Small grain also appears to be more resistant to alkali 
at the cooler, more elevated alkaline areas. Eaton (7) has also suggested 
that temperature affects salt tolerance. Experiments were undertaken as 
a phase of a salt tolerance study to determine the effect of temperature on 
salt tolerance of certain plants, the degree to which certain plants differ in 
salt tolerance, the effect of chemical composition of the alkaline soils, and 
of other factors on salt tolerance. 

Historical review 

Reclamation and use of alkaline land is one of the major soil problems 
of arid agriculture. Harris (16) estimated that some 13 per cent, of the 
irrigated land contained sufficient alkali 2 to be seriously harmful to plants. 

Evolution and classification of alkali soils 

Any soluble salt that is present in the soil in excess may be called alkali. 
Hilgard (22) distinguished two types of alkali: (a) “white alkali” which 
includes one or more of such salts as sodium chloride, sodium sulphate, 
sodium nitrate, magnesium sulphate, magnesium chloride, calcium chloride ; 
(b) “black” alkali, which usually consists mainly of sodium carbonate. 
“Black” alkali is more destructive to plants than “white” alkali. 

Glinka (12) classifies soils into the three following groups: (a) solon- 
chak, (b) solonetz, and (c) solod. According to Gedroiz (8) these three 
subgroups represent three consecutive stages of the process which may be 
called “evolution of alkali soil.” 

Such an evolution consists of three consecutive transformations : Salini- 
zation, which transforms an original soil into solonchak ; solonization, trans- 
forming solonchak into solonetz ; and solotization, which transforms solonetz 
to the final product of the evolutionary process, solod (or soloth). Sol- 

1 Published as technical paper no. 275 with the approval of the Director as a contribu- 
tion from the Soils Department of the Oregon Agricultural Experiment Station. 

2 ‘ ‘ Alkali ’ 9 land is here used as a popular term to refer to soil that is saline, or 
alkaline, or both. 
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onization, according to Nikiforoff (27), involves a desalinization with a 
partial substitution of monovalent exchangeable cations, especially sodium 
for calcium. Solotization involves hydrolysis and disintegration of the 
colloidal complex with a high degree of saturation of sodium, and a defloc- 
culated state with soluble salts washed out and a columnar structure usually 
in the B horizon. The final product, solod, has reduced exchange capacity 
with the cations partly substituted by hydrogen ions, and the colloidal 
complex is partly destroyed, or reduced to its simple constituent oxides. 

Alkali indicators 

Native vegetation is a good indicator of the presence of alkali salts. 
Harris (16) states that there are at least 197 species native to California 
which are restricted to alkali soils. Some of these grow only when some 
particular salt is present, and others do well in the presence of a variety 
of alkali salts. In an arid region some plants may be found which indicate 
extremely large quantities of salts. Such plants are usually found alone. 
They indicate that so much alkali is present in the soil that agriculture 
without reclamation is impossible. According to Hilgard and others (22) 
crop plants may be grouped as follows : 

(a) Sensitive — maize, wheat, young lucerne, bur clovers, peaches, 

oranges, prunes, etc. 

(b) Resistant — oats, barley, sorghum, beets, etc. 

(c) Very resistant— saltbush (Atriplex confertifolia), couch grass, date 

palms, etc. 

Native vegetation, coupled with chemical analysis of soils make an 
excellent combination in determining the degree of contamination of saline 
land. 

Toxic limits of salinity 

The amount of salt a given plant will tolerate depends upon the condi- 
tions under which it is grown. Some such tests have been confined directly 
to field observations, some to laboratory tests, and others to water culture 
experiments. 

The limits of plant tolerance for sodium carbonate, sodium chloride, 
and sodium sulphate, as reported by Hilgard (22) are 0.1 to 0.25, 0.8 to 
0.5, and 0.5 to 1 per cent, respectively, The results of Hibbard (21) show 7 
that much smaller amounts may be very injurious in some cases, and larger 
amounts may cause little effect in other cases. Harris (16) states that 
more than 0.5 per cent, soluble salts where predominantly chloride, nitrates, 
and carbonates, and 1 per cent, where sulphates predominate were unsuit- 
able for crop production without reclamation. 

Bancroft (1) found the following concentrations of salts killed bean 
plants : 
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Magnesium chloride 2640 p.p.m. 

Sodium carbonate 2710 p.p.m 

Sodium nitrate 3700 p.p.m 

Sodium chloride 3600 p.p.m 

Sodium sulphate 6510 p.p.m 

Sodium bicarbonate 12,300 p.p.m 


His results indicate that magnesium chloride is the most toxic, and 
sodium bicarbonate is the least toxic. Breazeale (2) also places mag- 
nesium chloride as the most toxic among the salts occurring in alkali soil. 
He holds that toxicity is the function of both molecules and ions and that 
the toxicity may be determined by the units of time the plants have come 
in contact with alkali in that form during their long period of adaptation. 
He also states that the limit of endurance of a plant to an alkali is based 
on the composition of the soil solution at the wilting point of the plant and 
not upon the percentage of dry soil. This would necessitate giving the 
wilting points. On the other hand, Kearney (24) believes that salines 
can be classified only on the basis of percentages of salts referred to the dry 
weight of the soil. Buffum (5), working with wheat in Wyoming, demon- 
strated that salts prevent absorption of water by seeds so that germination 
is markedly retarded. A low concentration of salts may aid germination. 

Tolerance of various crops for salts 

Obviously it is impossible to indicate the precise tolerance of any plant, 
except for a given condition. The capacity of any plant to endure alkali 
according to Hibbard (18) varies with physical character of soil, kind, 
amount, and character of alkali, fertility of soil, moisture supply, climate, 
kind of crop, and other modifying factors. 

Breazeale (3) maintains that salt tolerance in plants is largely a matter 
of adaptation and development of physiological differences, such as develop- 
ment of mechanisms for lowering the rate of transpiration, or loss of water 
through the leaves. Dore (6) found higher suberin content in roots of 
salt-tolerant plants. 

From a practical standpoint a good criterion of the tolerance of a plant 
for alkali, according to Neidig and Magnuson (26), is the capacity of that 
plant to grow to maturity and produce good yields, rather than its response 
during the germination period only. This may be of value for the specific 
purpose of investigation, but may be misleading otherwise. Kearney (24) 
places a critical concentration of white alkali for staple field crops at 1 per 
cent, and for most plants 0.3 per cent. He classifies salinity into seven 
grades, depending upon the percentage of salts. 

Hibbard (20) classes grasses among the most salt resistant cultivated 
plants, although he recognizes blue grass ( Poa pratensis ) and a few others 
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that are rather sensitive. Bermuda grass ( Cynodon daciylon) and Rhodes 
grass (CM oris gay ana) are especially tolerant to sodium sulphate. 

Zobell and Stewart (29) have shown that asparagus grew well in soils 
containing 10,000 p.p.m. of sodium sulphate. Barley and oats appeared 
to he most tolerant cereals, while sweet clover was more tolerant than alfalfa, 
beans, or peas. As a rule forage crops have proved to be better adapted 
to alkaline soil than most cultivated crops. Quality of fruit, vegetables, 
sugar, and grain crops are more definitely impaired by alkali salts. 

Hilgard (22) states that presence of salts in quantities as small as 200 
to 300 p.p.m. is generally harmful to legumes. He places the limit for 
growth at about 1650 p.p.m. of total salts; at about 300 p.p.m. of sodium 
carbonate; and at about 1390 p.p.m. of sodium sulphate. 

Kearney (24) places the highest amount for successful growth at 4000 
p.p.m. of white alkali. Alfalfa, however, is very sensitive to sodium car- 
bonate at the seedling stage. Old stands of alfalfa may tolerate some 2000 
to 7000 p.p.m. of total salts, according to various authors, the lower limit 
being for sandy soil of low buffer value. With sodium carbonate the toxic 
limits varied between 300 and 900 p.p.m., where the salt was mostly sodium 
chloride. The variation in salt concentration designated by various authors 
is from 200 p.p.m. on sandy soil to 7100 p.p.m. on loam soil well supplied 
with moisture. Sweet clover seems to succeed better than alfalfa on alkali 
soils that are water logged or have shallow water table. 

In explanation the literature on the subject of salt tolerance reveals that 
the studies may be grouped into two categories: (a) the amount of various 
salts added; and (b) the amount of salt recoverable in the water extract 
of the soil. Later studies indicate that only part of the added salts is re- 
covered in water extract ; hence the ratio of recovered to the total salts may 
not be the same as was revealed from salt additions. 

Headly, Curtis, and Scofield (19) found that sodium carbonate added 
to the soil and allowed to remain several weeks is only partly recovered 
with the water extract of the soil. The limit of tolerance of crops to salts 
can best be determined by the amount of salt recovered from the soil rather 
than by the quantity added. The proportion of recoverable salts which 
killed half of the wheat seedlings was 0.04 per cent, for carbonates, 0.16 
per cent, for chloride, and 0.35 per cent, for sulphate. 

Harris and Pittman (18) have pointed out the discrepancy between 
the amount of added alkali salts and that recoverable in the water extract 
after such additions. They also found greater injury to plants grown in 
sand than to those grown in loam soil after each received the same amount 
of sodium carbonate. 

Tolerance of bacteria for salts 

Effect of various salts upon the activity of ammonifying and nitrifying 
bacteria and other bacterial processes in the soil has been extensiVpw 
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gated. Lipman (25) reported sodium chloride toxic to ammonification by 
B. subtilis, and that the toxicity was reduced by the addition of magnesium or 
potassium chloride. Sodium carbonate was found stimulative in concentra- 
tions as high as 1 per cent., while 0.2 per cent, sodium sulphate reduced 
ammonification nearly one-half, and 0.2 per cent, sodium chloride reduced 
ammonification about two-thirds. Brown and associates (4) found 0.06 
per cent, calcium carbonate stimulating to ammonifiers, while 0.2 per cent, 
sodium carbonate, 0.1 per cent, sodium bicarbonate, and 0.5 per cent, sodium 
sulphate inhibited ammonification. Greaves (15) found relative toxicity 
of various salts to nitrification decreased as the amount of moisture in- 
creased. Gibbs and associates ( 10 ) found toxicity of sodium carbonate to 
bacterial activities varied and was more tolerant toward the later period of 
growth. Change in chemical composition of protoplasm or in osmotic pres- 
sures produced may prevent bacteria from performing their normal func- 
tions, according to Greaves, who found azofiers more resistant to alkali or 
neutral salts than ammonifiers, nitrifiers, and most higher plants. The com- 
mon soil alkali, before retarding nitrogen fixation, then, would have to be 
present in quantities sufficient to greatly retard ammonification, nitrifica- 
tion, and plant growth. 

Materials and methods 

Experiments were undertaken to study temperature and other factors 
affecting the salt tolerance of salt grass ( Distichlis spicata), alfalfa ( Medi - 
cago sativa), sweet clover ( Melilotus sp.), strawberry clover ( Trifolium 
fragiferum), and a legume from Montana ( Astragalus rubyii ). Water cul- 
ture, soil culture, and field plots were included. 

Preliminary experiments were conducted with sea water, diluted to dif- 
ferent concentrations with duplicate series of each concentration provided. 
The Pacific Ocean water after dilution was enriched by addition of Shive’s 
culture solution of a strength equivalent to an osmotic concentration of one- 
tenth atmosphere. The reaction was adjusted and held at pH 5.7 to 6. 
Duplicate jars of “complete 7 ’ nutrient solution equivalent to one atmos- 
phere concentration were included as checks. In addition sodium chloride 
and sodium carbonate plus dilute culture solutions were employed. Two- 
gallon jars were used in all cases. Seeds were germinated in quartz sand 
and transplanted approximately when the fourth leaf appeared. One set 
of cultures was placed in a cold plant-house with a temperature of 55° F. 
and another was kept in a warm greenhouse at a temperature of 70°. 

A constant temperature germinator built for Neubauer tests was made 
available for germination experiments under controlled conditions of tem- 
perature. Strawberry clover was germinated, and after eighteen days the 
percentage of germination was determined. Experiments were conducted 


772 


PLANT PHYSIOLOGY 


at 55, 70, and 90° F. The latter temperature proved so unfavorable that 
a second trial was made at a temperature of 85° F. 

In addition a constant-flow experiment was conducted using sea water at 
various dilutions. The apparatus was adjusted to deliver a flow of some 2 
liters per day. 

Supplies of surface soil at the Vale Alkali Experiment Field were col- 
lected in June, 1936, from plats A, B, and N, and adjacent native hard alkali 
land previously described by Johnston and Powers (23). 

Another lot sample of saline Yakima loam soil was obtained from near 
Klamath Falls, These soils were brought to the greenhouse, each lot mixed 
thoroughly and placed in duplicate series of one-gallon jars. Various 
chemical treatments were given to the soil to provide a series of pH values 
ranging from native alkali soil to neutrality. After planting, a favorable 
moisture content was maintained. 

Chemical analyses of soil profile layers from the field tracts were made 
as to base exchange capacity, replaceable bases, water soluble salts, organic 
matter, available nutrients, and pH. Base exchange was determined by 
the barium chloride-ammonium chloride method, organic matter by Alex- 
ander } s modifications of the Bather method, and pH with the hydrogen 
electrode. Certain biological activities of these alkali soils were studied. 
Detailed results, however, are to be reported separately. 

Some moisture equivalent determinations were made using the centri- 
fuge method. 

The average salt content of sea water used for water culture experiments 
was 3.06 per cent, or 30,600 p.p.m. The dilutions used and dry weights of 
salt grass produced in the cold house and also in the warm house are shown 
in table I. 

TABLE I 

Tolerance of salt grass for sea water 


Concentration of 

SEA WATER 

Weight of dry 
matter, av. of 2 
cultures (first 
cutting) 

Weight of dry 

MATTER, AV. OF 2 
CULTURES (SEC- 
OND CUTTING) 

Total weight 


Cold 

HOUSE 

Warm 

HOUSE 

Cold 

house 

Warm 

house 

Cold 

HOUSE 

Warm 

house 

Complete nutrient so- 

' gm. 

gm. 

gm. 

gm. j 

gm. 

gm. 

lution 

306 p.p.m. plus dilute 

47.0 

21.2 

49.0 

25.3 

96.0 

46.5 

nutrient solution ...... 

612 p.p.m. plus dilute 

14.4 

8.3 

21.2 

12.5 

35.6 

20.8 

nutrient solution 

1834 p.p.m. plus dilute 

14.3 

7,7 

20.0 

11.1 

34.3 

18.8 

nutrient solution 

2448 p.p.m. plus dilute 

12.7 

7.7 

13.1 

9.5 

25.8 

17.2 

nutrient solution ...... 

11.3 

3.4 

10.5 

3.6 

21.8 

7.0 



AHI AND POWERS: SALT TOLERANCE AND TEMPERATURE 


773 


Experimentation 
Water culture experiments 

It is very interesting to note that in the cold house the total weight of 
dry matter obtained in the highest concentration of sea water is more than 
three times as much as that in the warm house. A significant difference in 
weight of dry matter of salt grass is shown in the various concentrations of 
sea water used (table I). The critical concentration of sea water for the 
conditions appears to be approximately 2448 p.p.m. 



Eig. 1. Above, salt grass growing in various concentrations of sea water in warm 
house (about 75° E.). 1, cheek; 2, 306 p.p.m. of sea water; 3, 612 p.p.m. of sea water; 4, 

1224 p.p.m. of sea water; 5, 2448 p.p.m. of sea water. Below, salt grass growing in the 
same concentrations of sea water in the cold house (about 55 ° E.). 

This type of experiment was repeated with alfalfa using different con- 
centrations of sodium chloride, sodium sulphate, and sodium carbonate as 
shown in tables II and III. The critical concentrations indicated by these 
tests are summarized in table IV. Combinations of different ratios of 
sodium carbonate to sodium sulphate indicate higher tolerance in combi- 
nations. These concentrations are lower than reported by Harris (20) for 
soil cultures. They are also lower than the concentrations of brackish water 
at high tide found bathing areas of salt grass growing on lowlands near the 
Pacific Coast in Oregon. 
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TABLE II 

Tolerance of alfalfa for sea water 


Concentration of 

SEA WATER 

Weight of dry 

MATTER, AV. OF 2 
CULTURES (FIRST 
CUTTING) 

Weight of dry 

MATTER, AV. OF 2 
CULTURES (SEC- 
OND CUTTING) 

Total weight 

Complete nutrient solu- 
tion 

350 p.p.m. plus dilute 

gm. 

gm. 

gm. 

13.4 

18.3 

31.7 

nutrient solution 

700 p.p.m. plus dilute 

13.1 

16.1 

29.2 

nutrient solution 

1400 p.p.m. plus dilute 

13.8 

11.3 

25.1 

nutrient solution 

7.2 

5.5 

12.7 


TABLE III 

Tolerance of alfalfa for sodium chloride 


Concentration of 

SODIUM CHLORIDE 
SOLUTION 

Weight of dry 
MATTER, AV. OF 2 
CULTURES (FIRST 

cutting) 

Weight of dry 
MATTER, AV. OF 2 
CULTURES (SEC- 
OND CUTTING) 

Total weight 

Cold 

house 

Warm 

HOUSE 

Cold 

house 

Warm 

HOUSE 

Cold 

house 

Warm 

HOUSE 

Complete nutrient so- 

gm. 

gm. 

gm. 

' i 

gm. 

gm. 

gm. 

lution 

350 p.p.m. plus dilute 

15.0 

13.0 

15.8 

13.6 

30.8 

26.6 

nutrient solution 

700 p.p.m. plus dilute 

13.5 

11.9 

14.7 

11.1 

28.2 

23.0 

nutrient solution 

1400 p.p.m. plus dilute 

11.8 

9.4 

13.4 

10.6 

25.2 

20.0 

nutrient solution 

4.0 

2.6 

8.9 

5.7 

12.9 

8.3 


TABLE IV 

Critical salt concentrations for certain plants 


Plants 

Concentrations 

Sea water 

Sodium 

chloride 

Sodium 

sulphate 

Sodium 

CARBONATE 


p.p.m. 

p.p.m. 

p.p.m. 

p.p.m. 

Salt Grass 

10,000 

1400 

2800 

700 

Alfalfa 

2800 

1000 

1400 

350 

Strawberry Clover... 

5600 
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Fig. 2. Top row, strawberry clover grown at different concentrations of sea water 
increasing from left to right as indicated, at about 85° F. Middle row, same series of 
concentrations, germinated at 70° F. Bottom row, same series of concentrations termi- 
nated at 55° F. 


TABLE Y 


Tolerance of strawberry clover for sea water at constant concentration 



Weight 

Weight 



of dry 

OF DRY 



matter, 

MATTER, 


Concentration of sea water 

AV. OF 3 

AV. OF 3 

Total 


CULTURES* 

CULTURES 

WEIGHT 


(first 

(SECOND 



CUTTING) 

CUTTING) 



Complete nutrient solution 

700 p.p.m. plus dilute nutrient 
1400 “ “ << 

2800 “ “ “ “ 

5600 “ “ ■ “ ‘ i 

11200 “ “ “ << 


gm. 


gm. 


gm. 


solution 

t ( 

n 
1 1 
tt 


4.0 
2.67 

3.00 

1.00 
0.75 
0.50 


6.50 1 

10.50 

2.95 

5.62 

3.50 

6.50 

2.10 

3.10 

1.50 

2.25 

0.50 

1.00 


Only five seedlings were planted in each jar. 
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Strawberry clover is one of the more promising alkali-resistant legumes. 
It has been grown in recent field trials with fair success on Oregon soils 
with a pH up to 9 to 9.8 and also on acid soils with a pH value as acid as 
pH 4.2. 3 The tolerance of this plant for sea water in flowing solution cul- 
tures regulated to provide constant concentrations is shown in table V. 

The critical concentration of salts which this plant may tolerate, under 
the conditions of the experiment, is indicated to be approximately 5600 
p.p.m. 

SAND CULTURE EXPERIMENTS 

From the better results secured in the cold house as compared to the 
warm house with a difference in mean temperature of approximately 15° F. r 
it seemed desirable to further investigate this factor. A series of germina- 
tion tests were, therefore, conducted using sand cultures in a germinator with 
temperature control. Strawberry clover and alfalfa seeds were used in 
these experiments. Lots of 100 seeds were germinated in clean quartz sand 
within large petri dishes for a period of 17 days. Water was added daily 
to maintain an even concentration and keep the cultures moist for germina- 
tion. At the end of the period seedlings were counted and germination 
percentages calculated. The effect of temperature upon germination of 
seeds at various concentrations of sea water is shown in table VI* This 


TABLE VI 

Effect of temperature on germination of seeds at various concentrations 

OF SEA WATER 


Concentration of 
sea WATER 

Strawberry clover 

SEEDS GERMINATED 

Alfalfa seeds 
germinated 

55° F. i 

70° F. 

90° E. 

55° F. 

• 70° F. 

90° F. 


■ ' % 

% 

% 

% . 

% 

% 

No sea water ! 

89.5 

85.0 

20.0 

94.0 

90.0 

18.3 

700 p.p.m. of seawater 

95.0 

87.0 

5.0 

93.0 

82.2 

3.0 

1400 p.p.m . 1 1 u “ 

98.0 

67.0 

0.0 

90.0 

69.8 

0.0 

2800 p.p.m . 11 “ “ 

85.3 

79.0 

0.0 

90.0 

38.5 

0.0 

5600 p.p.m. “ “ << 

63.5 

40.0 

0.0 

76.0 

15.3 

0.0 

11200 p.p.m . 11 “ “ 

47.7 

0.0 

0.0 

38.0 

0.0 

0.0 


effect is well illustrated in figure 2 where the relationship is shown more 
definitely than in the table by its effect on growth. 

• The effect of temperature is Very striking. There is a definite decrease 
in the percentage of germination with increase in temperature or salt con- 
centration. In high salt concentrations decrease occurs very rapidly at 

3 Tests of the tolerance of strawberry clover were made in cooperation with the 
Division of Forage Crops and Diseases, Bureau of Plant Industry, U. S. Department of 
Agriculture. 
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Pig. 3. Growth of alfalfa on alkali land, cheek plat at left; reclaimed with sulphur 
at right, at Vale, Oregon, August, 1937. 

high temperatures, but relatively slowly at low temperatures. At 90° F. 
there was practically no germination of seeds in the various treated cul- 
tures, while at 55° F. there was a high percentage of germination, except 
at the highest concentration. At the highest concentration there was no 
germination except with the lowest temperature which resulted in a germi- 
nation of 47.7 per cent, for strawberry clover seeds, and of 38 per cent, for 
alfalfa. The two lower concentrations of sea water were stimulative to 
strawberry clover, but slightly retarded germination of alfalfa. 

In comparing the two legumes, it will be noted that strawberry clover 
seeds germinate more satisfactorily than alfalfa in higher concentrations of 
sea water. In the presence of 2800 p.p.m. of total salts at ordinary growth 
temperature, strawberry clover germination in these tests was 78 per cent., 
as compared to 38.5 per cent, for alfalfa seeds. The strawberry clover is 
definitely more tolerant than the other seedlings tested and will germinate 
fairly well in the presence of as high as 5600 p.p.m. of total salts. Under 
cool and moist conditions, it may germinate in the presence of much higher 
concentrations. 

Soil culture experiments 

Series of soil culture experiments were initiated in the spring of 1936 
using strawberry clover as indicator plants. Two soils were included in 
these investigations. One of these was an alkali soil brought from Vale 
Experiment Field and the other, a saline soil, was taken from near Klamath 
Falls. Both were loams. The initial reactions and chemical character- 
istics of these soils are presented in tables IX, X, and XI. Treatments were 
applied to give a reaction range or pH from nearly neutral to strongly alka- 
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line as shown in tables VII, VIII, and IX. The final soil reactions and 
results are also given in these tables. 


TABLE VII 

Tolerance of strawberry clover in alkaline Yakima loam pot culture 


Treatment 

Weight 

OF DRY 
MATTER, 

AV. OF 2 
CULTURES 
(FIRST 

cutting) 

Weight 

OF DRY 
MATTER, 

AV. OF 2 
CULTURES 
(SECOND 
CUTTING) 

Total 

dry 

WEIGHT 

Final 

SOIL 

REACTION 


gm . 

gm. 

gm. 

pJS 

No treatment 

5.50 

6.00 

11.50 

8.63 

Sulphur, 1 T.* 

6.00 

7.00 

13.00 

7.61 

Sulphur, 1 T. ; manure, 20 T. 

6.75 

8.50 

15.25 

7.32 

NaCl, 1000 p.p.m 

0.50 

2.50 

3.00 

9.35 

NaCl, 2000 p.p.m 

0.00 

0.70 

0.70 

9.56 

Na 2 C0 3 , 500 p.p.m 

0.00 

1.20 

1.20 

9.48 

Na 2 C0 3 , 1000 p.p.m. 

0.00 

0.40 

0.40 

9.78 


* Tons per 2,000,000 lb. of soil. 


Obviously the application of sulphur or sulphur with manure resulted in a 
greater yield of dry matter. This increase in dry matter was higher in the 
second cutting of the crop than in the first. The effect of sulphur with manure 
was more pronounced than that of sulphur alone. 

The increase of dry matter due to the application of sulphur and sulphur 
with manure in the Yakima loam soil cultures was moderate while the effect 
was very marked in the Vale soil where it increased yields approximately 
threefold. The reactions induced would tend to reduce alkalinity but 


TABLE VIII 

Tolerance of strawberry clover in loam soil from plant N, Yale 
Experiment Field 


Treatment 

Weight 

OF DRY 
MATTER, 

AV. OF 2 
CULTURES 
(first 
CUTTING) 

Weight 

OF DRY 
MATTER, 

AV. OF 2 
CULTURES 
(SECOND 
CUTTING) 

Total 

DRY 

WEIGHT 

Final 

SOIL 

REACTION 


gm. 

grn. 

gm. 

pH 

No treatment 

2.60 

4.28 

6.88 

8.50 

Sulphur, 1 T * 

5.10 

6.75 

11.85 

7.39 

Sulphur, 1 T.j manure, 20 T. 

7.00 

8.50 

15.50 

7.10 

NaCl, 1000 p.p.m 

4.30 

5.00 

9.30 

8.73 

Na 2 C0 3 , 500 p.p.m 

3.10 

2.50 

5.60 

8.82 


* Tons per 2,000,000 lb. of soil. 
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TABLE IX 

Response of various legumes in alkaline soils with or without treatments 




Dry weight 

OF ALFALFA, 
AY OF 2 

Dry weight 

OF STRAW- 

Dry weight 

OF SWEET 

Dry weight 
op Astra- 

Soil 

Treatment 

BERRY CLOVER, 

CLOVER, 

gains rubyii , 



CULTURES 

AV. OF 2 

AV. OF 2 

AV. OF 2 



CULTURES 

CULTURES 

CULTURES 



gm. 

gm. 

gm. 

gm. 

Virgin 

No treatment 

0.25 

2.25 

1.40 

0.0 

alkaline 

Sand (200%) 

3.35 

3.98 

3.70 

0.0 

soil, Yale 

Gypsum (12 T.)*... 

5.20 

5.05 

5.50 

0.0 

Experi- 

Sulphur ( 2 T.) 

5.50 

5.87 

6.95 

0.0 

ment 

Sulphur ( 2 T.) } 

7,90 

8.86 

12.90 

4.1 

Field 

Manure (20 T.) j 

Plat A 
Vale 

No treatment 

6.00 

6.70 

6.35 

0.0 

Sand (200%) 

6.30 

7.15 

6.20 

0.0 

Experi- 

Gypsum (12 T.) 

Sulphur ( 2 T.) 

6.40 

6.70 

8.15 

8.10 

6.90 
. 6.40 

0.0 

1.25 

Field 

Sulphur ( 2 T.) } 
Manure (20 T.) £ 

6.75 

8,90 

7.70 

■ ■ . ■ i 

5.2 

Plat B 
Yale 

No treatment 

2.90 

3.20 

2.10 

.0.0 

Sand (200%) 

3.30 

3.67 

3.15 

0.0 

Experi- 

ment 

Gypsum (12 T.) 

4.95 

5,00 

3.40 

0.0 

Sulphur ( 2 T. 

5.00 

5.17 

3.70 

0.0 

Field 

Sulphur ( 2 T.) | 
Manure (20 T.) f 

5.50 

5.90 

4.20 

4.6 


* Tons per 2,000,000 lb. of soil. 


might increase total soluble salts. More growth was secured on untreated 
Yakima loam than on the check jars of more alkaline Vale loam, which was 
in a poor physical condition. 

Sodium chloride and sodium carbonate treatments were detrimental to 
the growth of plants in both soils, although 1000 p.p.m. of sodium chloride 
did not decrease the total yield of dry matter on Vale soils. 

From the data, it may be concluded that strawberry clover will make a 
better growth on alkaline, or saline soils, provided the soil is well supplied 
with sulphur and manure accompanied by leaching. Sulphur oxidizes and 
brings calcium into solution to replace exchangeable sodium. One effect of 
manure is to supply microorgansms for biological oxidation of the sulphur. 

Chemical analyses op soils 

The soils that were used in the greenhouse were sampled in the field by 
horizons, 0 to 5, 5 to 20, and 20 to 40 inches depth. Determinations of re- 
placeable bases, soluble salts, reaction, total nitrogen, and organic matter, as 



Replaceable bases in Vale alkali experiment plats. Sampled in fall, 1936 
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TABLE XI 

Water-soluble salts in Yale alkali experiment plats. Sampled fall, 1936 


Plat 

Depth 

Total 

SOLUBLE 

SALTS 

Car- 

bonate 

(CO») 

Bicar- 
bonate 
(H C0 3 ) 

Sul- 

phate 

(S0 4 ) 

Chlor- 

ide 

(Cl) 

Sodium 

(Na) 


inches 

p.p.m. 

p.p.m. 

p.p.m. 

p.p.m. 

p.p.m. 

p.p.m. 

Virgin 

0- 5 

3150 

1019 


78 

108 

1200 

alkali 

5-20 

4700 

811 


1X97 

427 

1509 

soil 

20-40 

3480 

811 


607 

230 

1345 


0- 5 

560 

0 

82 

78 

55 

396 


5-20 

960 

0 

82 

66 

56 

387 

Plat A 

20-40 

880 

0 

41 

102 

47 

453 


0- 5 

2950 

811 

1237 

210 

95 

1057 


5-20 

3500 

761 

1016 

535 

273 

1369 

Plat B 

20-40 

2020 

406 

412 

197 

148 

2121 


0- 5 

1310 

0 

330 

82 

76 

969 


5-20 

930 

0 

491 

87 

52 

1465 

Plat N* 

20-40 

1320 

0 

742 

107 

57 

280 

Yakima loami 

0- 6 

4010 

0 

2474 

119 

109 

1294 

from 

6-18 

1980 

Trace 

1640 

99 

58 

948 

Klamath Palls 

18-28 

1710 

Trace 

1237 

! 

99 

57 

671 


* Sampled in April, 1936. 
f Sampled in June, 1936. 


well as moisture equivalent were made. In addition, the relationship of 
exchangeable sodium and exchangeable calcium were calculated and re- 
ported. The object of this investigation was to determine the extent of 
alkalinity or progress of reclamation and also to correlate the results with 
the general growth of plants on such soil. 

Replaceable bases. — The amount and kind of adsorbed bases is one of 
the important properties indicating the extent of alkalinity or progress of 
reclamation. Table X shows the content of replaceable bases and the pro- 
portion of univalent cations (Na) and divalent cations (Ca-Mg) to the 
total exchange in all soil profiles. Plat A which was treated with sulphur 
and manure is now largely saturated with calcium, while plat B is still 
mostly saturated with sodium. The proportion of divalent cations in the 
40-inch profile is much higher in plat A than in plat B. The replaceable 
sodium shows a reverse relationship indicating little modification in plat B 
from virgin soil. The exchange of calcium for sodium is most nearly com- 
plete in plat A which receives most sulphur and manure. A similar rela- 
tionship exists in plat N indicating that alkaline soils could be effectively 
reclaimed. The treated plats show good exchange capacities, although 
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lower than those of virgin alkali samples. The high content of replaceable 
sodium in virgin soils from such plats will explain the high alkalinity of the 
soil. The Yakima loam soil from Klamath Falls contains replaceable 
sodium as well as salts to account for the unproductivity of the soil. 

Water soluble salts. — The soluble salts in the various horizons of dif- 
ferent profiles are shown in table XI. There is marked difference between 
the check plat and the treated plat. The check plat contains more than five 
times as much water-soluble salts in the surface layer as that in plat A. 
There is slight difference in the total salt content between the check plat 
and virgin soil. Plat N, although the salt content is much lower as com- 
pared with the check plat, contains sufficient sodium salts to be a factor in 
the abnormality of the soil. In both treated plats the alkaline carbonate 
has disappeared throughout the whole profile studied. There is little change 
in alkaline carbonate in the check plat as compared to the virgin soil. Sul- 
phates and chlorides are markedly diminished in the treated plats. In most 
every case both sulphates and chlorides are concentrated in the 5- to 20-inch 
layer of the soil profile. The relative amount of soluble sodium removed 
from the check plat has been very slight. Only with chemical treatment is 
there a marked elimination of soluble sodium. The Yakima loam soil shows 
a higher salt content than the treated land from Yale. 

The salt content of the surface layer is even higher than that of the 
virgin alkaline soil. It appears that the Yakima loam soil is of a saline 
type as compared with the alkaline soils from Yale. 

Available nutrients. — The available nutrients in saline or alkaline soils 
are almost invariably low and the reaction is too alkaline for best growth of 
crop plants in many cases. The low content of nitrogen is the natural 
result of sparse vegetative cover which the soil supports. The effect of 
treatment on available nutrients is well illustrated in table XII. 

It will be noticed that the reaction of the soil of plat A is approaching 
neutrality. The reaction of the two treated plats in general is well within 
the growth range for alfalfa. There is a relative increase in total nitrogen 
in treated plats as compared with that of the checks as reported earlier by 
Powers (28). The increase in total nitrogen is due to a corresponding in- 
crease in organic matter. The soluble phosphorus is higher in the virgin 
soils than the other plants. This is perhaps due to the phosphorus being in 
the form of sodium phosphate, and also the plats may have lost some phos- 
phates. The effect of treatment is further indicated by the amount of solu- 
ble calcium. In all layers the treated plats contain approximately twice as 
much soluble calcium as that of the checks. This shows that there is a 
tendency for the added material to bring calcium into solution. 

The effect of reclamation is well demonstrated in figure 3. This rela- 
tionship is more apparent in table XIII where the yields of hay per acre 
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TABLE XIII 

Yields of alfalfa hay secured on Yale alkali experiment plats from 

1931 TO 1936 




Pounds per acre 

Plat 

Treatment 

Year 



1931 

1932 

1933 

1934 

1935 

1936 


. ■ ■ . . . ■ 

lb. 

lb. 

lb. 

lb. 

lb. 

lb. 

A 

Manure (10 T.) 





. 



6 yrs. (60 T.) 
Sulphur (1.5 T.) 

3720 

3180 

6480 

I 7112 

4902 

4860 

B 

Untreated 

0 

220 

680 1 

610 

780 

1256 

0 

Manure (8 T.) 

■ 


■ ■ 1 





5 yrs. (40 T.) 
Sulphur (15001b.) 

2020 

4600 

3060 

3220 

3790 

5292 


obtained on plats A and B for a period of years is presented. It will be 
noted that in each the yield obtained in plat A is ranch higher than that 
obtained from plat B. Although there is some seasonal variation, in part 
due to water shortage and injury to the stand by freezing, still the treated 
plat has produced rather good yields for the locality. General indications 
are very promising as to the ultimate success of reclamation. In these plats, 
alfalfa tends to become chlorotic when the reaction value of pH 8.6 or higher 
is obtained. Sulphur and manure, when used together, have been very 
effective in the reclamation of these alkaline soils. 

Where strawberry clover seedlings were chlorotic the soil tested pH 9.2, 
and where color of seedlings was normal it tested 9 early in the season. In 
September chlorotic plants were found on soil that had a pH of 10. At this 
time plants of good color were found to be maturing seed on nearby soil 
having a pH value of 9.71. These tests were with samples obtained near 
Klamath at 4100 feet elevation. 

Samples taken from soils near Yale at 2200 feet elevation June 10, where 
strawberry clover seedlings had good color, showed a pH value of 8.8; and 
where seedlings were chlorotic, the soil pH was 9.3. In September straw- 
berry clover plants appeared thrifty at a pH value of 8.83, while a soil on 
which chlorotic plants were growing had a pH value of 9.15. A seed yield of 
300 pounds per acre was obtained near Yale. 

Near Baker, at 3400 feet elevation, strawberry clover in September, 1937, 
appeared thrifty with soil pH of 9.45 and chlorotic with soil pH of 9.99. 

Prosser Station, Washington, reports (mimeo 17th annual field data July 
9, 1937) : “the average concentration of salts in soils that strawberry clover 
plants will tolerate is 0.4 per cent.” 
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Microbial studies 4 

Studies of the effect of alkali salts on the activities of desirable soil 
microorganisms will be treated only briefly. A poor physical condition of 
alkali soils may check the activity of such organisms, and the concentration 
of salts may result in plasmolysis. Data from table XII show an im- 
provement in moisture equivalent, indicating improved structure, water 
capacity, and perhaps carbon dioxide evolution resulting from the partial 
reclamation of certain plats, such as plat A. 

Various materials were applied to these alkali soils and observations 
made as to the carbon dioxide evolved as well as the change in number of 
bacteria and molds. In general, the various treatments were effective in 
increasing the number of microorganisms. 

There was a significant difference in the sulphur-oxidizing power of the 
soil. At the close of the experiment 100 per cent, of the sulphur added in 
the reclaimed soil was oxidized while only 20 to 30 per cent, of the sulphur 
was oxidized in the virgin soil. Sulphur oxidation in both soils was most 
effective in the first 115-day period as compared with the second interval of 
100 days. 

This was not true so far as Azotobacter is concerned. No development 
of these organisms occurred during the first period while in the second 
period moderately heavy development occurred. In general, the various 
treatments were effective in increasing the number of microorganisms. 
Similar results were obtained in the reclaimed land with the exception that 
in most cases moderate development of Azotobacter occurred in the second 
period as compared to the heavy development in the first period. The treat- 
ment increased the amount of water-soluble phosphorus, especially where 
sulphur was applied. 

Discussion 

From results obtained with salt-tolerance studies, temperature and other 
factors have been shown to be of vital importance. Besults should be of 
practical application in selection of soils or providing conditions favorable 
for plant growth. 

Nature of injury 

Soluble salts may cause injury to plants by preventing them from ab- 
sorbing moisture ; by direct corrosive action ,* by toxicity due to excess of 
salt or its ions, or the products of hydrolysis ; by inhibiting biological activi- 
ties ; by their effect upon germination ; or by producing an abnormal physical 
condition in the soil. Seeds may germinate in saline soil and the young 
seedlings may be killed by the high and changing concentration of the soil 

4 Dr. W. B. Bollen, of the Oregon State College, Department of Bacteriology, super- 
vised the microbial studies reported herein. 
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solution. In general older plants are more resistant than young seedlings. 
Plants growing on alkaline soil have characteristics similar to those found 
under desert conditions. They lack the bright green appearance of vigor- 
ous, healthy plants. 

Under the conditions of the experiment the concentration of sodium 
carbonate which the salt grass may tolerate is 700 p.p.m. It may be possi- 
ble that under field conditions the mature plants would do well in higher 
concentrations than results here would indicate. The limit of tolerance of 
salt grass has been found to be 1400 p.p.m. for sodium carbonate and 
2800 p.p.m. for sodium sulphate. 

Alfalfa, although sensitive to salinity at the seedling stage, made a fairly 
good growth in various concentrations of salt with indications of better 
growth under cooler conditions. 

Kesults of sand culture tests clearly indicate (a) that strawberry clover 
is superior under alkaline or saline conditions to alfalfa, and (b) that tem- 
perature plays an important part in the germination and growth of plants 
in saline soils. Further evidences are found from concentration experi- 
ments using sea water, as clover, on the soil used, is found to tolerate a con- 
centration as high as 5600 p.p.m. of total salts. The results are affected 
by temperature for the germination is not so good with more heat. It seems 
sufficient here to present conclusive evidence that differences in salt toler- 
ance occur with changes in temperature. Water-culture experiments with 
salt grass and alfalfa present further confirmatory evidence that tempera- 
ture is an important factor in the germination and growth of plants under 
saline conditions. The following suggestions are offered to the effect that 
temperature may be due to the action of one or the combined action of three 
or more factors. In the first place, it may be attributed to the “heat” 
factor only, since there is a reduction in the seed germination even in the 
check. This factor may be active only at a temperature of 90° F. because 
at 73° F., which is the normal growth temperature, no detrimental effect is 
noted due to the heat. Since the reduction of approximately 80 per cent, 
germination occurred in the checks at 90° F. it seems safe to state that heat 
is a factor. 

In the second place, the relationship of temperature to germination may 
be due to the function of both the molecules and the ions. Previous evi- 
dence by Bbeazeale (2) supports the above statement. It is well under- 
stood that rise in temperature will increase the activity of ions due to the 
high degree of dissociation of the salt. The sea water is largely composed 
of easily ionizable salts and an increase of 20° F. should increase the num- 
ber of ions present. This greater concentration of ions may cause greater 
toxicity ; hence the complete retardation of germination. 

Finally, the prevention of germination at 90° F. may be due to the rate 
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of mobility or diffusion of the salt. An increase in temperature results in 
an increase in the rate of diffusion which may ultimately cause the complete 
inhibition of germination. Possibly the increased activity of ions may be 
the only logical explanation of the temperature effect upon the germination 
of seed. Fertilizer burning in hot weather is closely related to salt toler- 
ance. Tolerance will vary with age and kind of crop. 

The results of chemical analyses and those of salt tolerance studies are 
not' in full agreement. Improved chemical conditions in the soil will in- 
crease yields in the field. It was not fully apparent under greenhouse con- 
ditions, but this may be due to the following factors : 

(a) The physical abnormality of the soil. When a comparative trial 
was made on the same soil diluted with sand the crop made a better growth. 

(b) The lack of desirable microorganisms or their activities in the soil. 
This is indicated by the best growth of crops in pots treated with sulphur 
and manure, wherein the manure may have harbored microorganisms that 
speed up desirable microbiological activities. 

(c) Keplaceable sodium. Even in the better plats replaceable sodium is 
still present in moderate amounts. 

(d) Under greenhouse conditions soil, light, relative humidity, and 
other factors are modified. 

The virgin alkali plat soil was found to harbor an active and versatile 
microbial population. There was a significant difference, however, in the 
oxidizing power of the soils. The sulphur-oxidizing power of reclaimed soil 
is much greater than in virgin land. Salts applied to the Willamette silty 
clay loams in western Oregon had a depressing effect upon microbial activ- 
ity in the soil. All of the salts used showed an inhibiting effect upon num- 
bers and activities of microorganisms, sodium chlorate being the most 
effective. 

Summary 

1. Temperature is a dominant factor in the germination and growth of 
plants under saline or alkaline conditions. Temperature relations should be 
considered before recommending certain crops for saline soils. 

2. Strawberry clover was found the most promising resistant legume for 
salinity, followed by sweet clover, then alfalfa. Astragalus rubyii failed to 
grow well under different treatments, with the exception of the soil receiv- 
ing sulphur and manure. 

3. Chemical analyses show a marked improvement of treated plats over 
those of checks by restoration of calcium for sodium in the exchange com- 
plex, improved reaction, decreased salt concentration, higher level of organic 
matter and nitrogen, a tendency to increase base exchange capacity, and 
useful water capacity or moisture equivalent. The crop yields obtained 
under field conditions substantiate the chemical results. 



788 


PLANT PHYSIOLOGY 


4. The sulphur oxidizing power of reclaimed soil was found to be much 
greater than that of the virgin alkali soil. Various treatments increased 
nitrate nitrogen. 

Oregon Agricultural Experiment Station 
Corvallis, Oregon 
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TRANSLOCATION IN PLANTS 
A . S . Crafts 

Introduction 

Elimination of certain untenable theories has narrowed recent research 
on translocation to a search for the mechanism of rapid longitudinal move- 
ment of foods through phloem. (For comprehensive bibliographies see 22, 
48, and 51.) Present theories fall into two categories: (1) movement of 
solute molecules taking place in, through, or upon the surface of sieve-tube 
protoplasm, and which results from protoplasmic activity; (2) mass flow of 
solution through sieve tubes or phloem, related, at least indirectly, to activ- 
ity of photosynthetic tissues, and not dependent upon the activity of the 
sieve-tube protoplasm. 1 Both mechanisms are based upon ringing experi- 
ments which demonstrate limitation of primary movement of foods to the 
phloem, and upon analytical data which indicate concentration gradients 
between regions of synthesis and utilization. 

Evidence for the protoplasmic streaming hypothesis has been reviewed 
by Curtis (22 ; also 9 and 25) ; and Mason and Phillis have recently elabo- 
rated an activated diffusion theory (45, 46, 47, 48) to explain solute move- 
ment via the sieve-tube protoplasm. These workers postulate an indepen- 
dent movement of various solutes resulting from independent gradients; 
they call upon vital activities or surface phenomena to explain the accelera- 
tion required. 

This paper presents the case for mass flow, drawing attention to certain 
quantitative evidence and to cytologieal studies on the activity of sieve-tube 
protoplasm. 

Concentration gradients of organic solutes in the phloem have been ade- 
quately demonstrated. 2 That they causfe an effective diffusional movement 
of the solutes is less certain. Physical aspects indicate that diffusion, over 
long distances, is naturally a slow process; and acceleration of unilateral 
solute movement, to the required rates, independent of the solvent, would 
necessitate an immense expenditure of energy. Mason and Pitillis (48) 
have recognized this fact. 

The mass-flow hypothesis involves a mechanism for transforming con- 
centration gradients into pressure differences. The essential features of 
this mechanism are apparently incorporated in the normal structure of 
plants (11, 50). Exudation studies (12, 15, 50, 51) indicate a maintained 

1 Huber lias recently proposed a somewhat similar classification (Huber, Bruno. 

Hundert Jahre Siebrohren-Forschung. Protoplasma 29: 132-143. 1937.). 

2 See also Huber, B,, Schmidt, E., and Jahnel, H. Untersuchungen fiber den 

Assimilatstrom. I. Tharandt Forstl. Jahrb. 88: 1017-1050. 1937. 
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pressure gradient in the phloem; and studies on virus movement by Ben- 
nett (2, 3, 4) and others, which indicate a marked parallelism between 
translocation of virus and organic foods, cast doubt on the independent 
movement of solvent and solutes. Those who favor mass-flow question the 
evidence for independent movement of various solutes; and they present 
anatomical, physiological, and eytological data which indicate (1) that the 
total phloem (or sieve-tube strand) is the unit of conduit, (2) that mature 
sieve-tube protoplasm is in a state of reduced activity, and (3) that phloem 
exudation occurs at rates sufficient to explain common phenomena of growth 
and storage. 

Since the perfect experiment for demonstrating which mechanism actu- 
ally functions in the phloem has not been devised, judgment must rest, for 
the present, upon a reconciliation of the recognized facts with known plant 
structure and behavior. With this in view, new observations on the proper- 
ties of sieve tubes will be presented, and an attempt made to interpret 
current research on food movement. 

Phloem studies 

Many observations emphasize the important relation between ontogeny 
and function of the phloem. Previous studies (12, 13, 14, 15) have indi- 
cated the changes in form and physiology that take place as the sieve tube 
matures, passes through its functioning period, and is obliterated. Recent 
observations confirm these earlier reports. 

Young sieve-tube elements are spheroid or cylindrical and well rounded. 
Having nuclei, slime bodies, and cytoplasm in a high state of activity, they 
react to stains and plasmolyzing solutions as normal vacuolated living cells. 
Attending the nuclear disintegration, loss of slime bodies, and alteration of 
permeability that occurs with maturity, are morphological changes of pro- 
found significance (12, 13, 14, 15). At maturity the side walls of sieve 
tubes are slowly pressed in by surrounding cells so that the elements become 
funnel-shaped at each end, the transverse area in the center becoming pro- 
gressively smaller. Finally the walls are pressed together, and the lumen 
disappears completely ; the only structures left at obliteration are the sieve 
plates, often found lodged between the phloem parenchyma cells. Esau 
(26, 27, 29) has illustrated this process of sieve-tube obliteration in the for- 
mation of the bundle cap in sugar beet and celery. Though specific studies 
have been made on only a few species, this general behavior of sieve tubes 
is well known and has been observed by plant anatomists since the pioneer- 
ing studies of the past century. It apparently provides almost indisputable 
evidence that the sieve tube becomes permeable, loses turgor, and is finally 
collapsed by the pressure of surrounding phloem parenchyma cells (6, 27). 

Esau (29), studying several plants, has noticed that when phloem tissues 



CRAFTS: TRANSLOCATION IN PLANTS 


793 


are killed by reagents which plasmolyze living cells, young sieve tubes 
always show shrinkage of the cytoplasm, indicating that they were plasmo- 
lyzed in the killing process before the tissue was sectioned. Mature sieve 
tubes, on the other hand, do not respond to these reagents in this way. As 
she has pointed out, Strasburger made the same observation years ago. 

Another unique feature of mature sieve tubes is that the plastids, in- 
stead of being associated with the peripheral cytoplasm, are free, floating in 
the vacuoles (13, 14). This fact again indicates an altered vitality of the 
cytoplasm, since in all normal living cells the plastids remain attached in 
some way. The separation of the plastids from the cytoplasm occurs at 
maturity, when the inner bounds of this layer appear to fade and become 
indefinite (13). 

These many observations, which involve intact as well as sectioned ma- 
terial and which in part date back to the earliest studies on phloem anat- 
omy, indicate with increasing conviction that sieve tubes undergo funda- 
mental changes in their osmotic relations as they reach maturity and are 
finally obliterated. According to the most logical interpretation, they lose 
their property of semipermeability and are slowly crushed by surrounding 
parenchyma cells that survive them by an appreciable period of time. Per- 
sistent differentiation and ontogeny of tissue are characteristic of the 
phloem, and so long as life remains in a plant a certain number of maturing 
sieve tubes are available to serve their function in conduction. 

Phillis and Mason (54) object that the highly permeable condition of 
the mature sieve tube may be an artifact resulting from sectioning. More 
recently, Mason and Phillis (48) state: “ In order to insure plasmolysis of 
the sieve tube it is necessary to carry out the operation on the bark before it 
is cut and removed from the plant.’ ? They do not explain how they arrived 
at this conclusion; and, since the necessary microscopic observation would 
require some dissection, one cannot easily understand how the work could 
be done critically. To be certain of his observations one should carry out 
the plasmolysis under the microscope, where the condition of the sieve tube 
before and after treatment could be observed. Only in this way can one 
determine the ontogenetic state of the tube, its freedom from injury, and 
its reaction to the treatment. 

Curtis objected, several years ago, stating that the permeable condi- 
tion of the mature sieve tube might be an artifact, but he was unable to 
substantiate his hypothesis by experiment. Although this point cannot be 
disregarded, one should remember that the living protoplasm of young sieve 
tubes and of phloem parenchyma cells is not seriously altered by the injury 
attending sectioning. Protoplasmic streaming, vital stain accumulation, 
and plasmolysis occur in these cells despite the sectioning process. These 
cells are connected by protoplasmic connections as are mature sieve tubes. 
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There is at present no reason for assigning a special sensitivity to mature 
sieve tubes. Certainly the evidence indicates lowered rather than increased 
activity and responsiveness of these cells to injury or manipulation. 

Slime plugs in sieve tubes have been studied since the earliest investiga- 
tions of phloem and have been cited as evidence both for and against a mass 
flow. Recent observations have explained many of the difficulties in inter- 
preting the relation of slime plugs to translocation. According to a late 
paper (15), although such structures may be found lodged against the dis- 
tal sides of sieve plates for several centimeters from the cut end of a cucur- 
bit stem, removal of a thin slice 1 mm. or less in thickness would cause 
phloem exudation to be resumed. Slime plugs so located are particulate 
in structure and consist of the decomposition products of the slime bodies 
and nuclei. An earlier publication (12) cites instances where slime plugs 
were formed in different regions in sieve tubes by treatment with heat, al- 
cohol, and other coagulating agents. Such plugs are usually amorphous. 
They consist of the normal sieve-tube sap, which can be coagulated either 
inside or outside the sieve tube by the same agents. 

The particulate slime plugs therefore indicate a mass flow of solution 
through the sieve tubes, being composed of material filtered out at the plates. 
Studies on these structures and on the nearby sieve plates give no indica- 
tion of perforations within the protoplasmic strands traversing the plates. 
The amorphous plugs are composed of coagulated sieve-tube sap; and 
according to studies recently reported (15), this sap may continue to flow 
from cut stems for periods of 24 hours, coming from great distances along 
the stem. The sieve tubes must be permeable to this sap, or it could not 
continue to flow from cut stems for such periods. 

Mason and Phillis (48) question the source of the phloem exudate from 
cucurbits. Repeated studies under the dissecting binocular prove that it 
comes from the phloem, and with high magnification and well-developed 
stems it appears to flow from cut sieve tubes. If it does not come from 
sieve tubes, then the phloem parenchyma must also have some special 
organization allowing a ready flow of “sugars, nitrogen, phosphorus, po- 
tassium, magnesium, and chlorine’ ’ and water across them (48). The 
plasmolytic properties of these cells do not indicate such an organization. 

Much confusion has resulted because this eoagulable material does not 
occur in all sieve-tube sap. Products of slime-body and nucleus disinte- 
gration, on the other hand, occur, in all primary sieve tubes at certain stages 
in their ontogeny and may in their final stages of disintegration approach 
(for instance, in the potato plant) the amorphous form of the eoagulable 
sieve-tube sap of cucurbits and similar plants. Unless, however, this amor- 
phous material can be demonstrated in mature elements and coagulated 
outside the sieve tubes, it must be considered only transitory, and not an 
essential part of the plant-nutrient supply. 
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The presence or absence or location of slime pings depends, therefore, 
not alone on translocation but also upon the stage of sieve-tube develop- 
ment, the species of plant, and the agents used for demonstration. With- 
out a full knowledge of these matters one cannot correctly interpret the 
relation of slime plugs to translocation. 

Dissection studies on cucurbit phloem reveal some important properties 
of sieve-tube cytoplasm. Whereas the cytoplasm of phloem parenchyma 
in this tissue is fragile and easily torn and fractured, the peripheral layer 
of protoplasm in the sieve tubes is tough, ductile, and somewhat elastic. 
As seen in dilute water-blue solution, the protoplasmic sheath of mature 
sieve tubes can be drawn out to many times the length of the element in 
which it originally occurred. When released it rapidly shortens, but not 
to its initial length. When stretched to the breaking point it often tears 
loose from the sieve plate and comes away as a long threadlike strand. 

By removing a tangential slice from an intact squash stem, laying bare 
the phloem, one may observe by reflected light the coagulation of the sieve- 
tube sap in the tubes. This occurs most rapidly in the cut elements but 
takes place slowly in deeper layers. Obviously, such a coagulation within 
the interstices of the phloem walls would increase resistance immensely 
and stop flow. 

If uncut sieve-tube elements are quickly flattened with the dull edge of 
a scalpel, the sieve plates are deformed, the cupped shape being reversed 
if the pressure is so increased on the convex side. This fact indicates re- 
sistance to extremely rapid flow. The sieve plate of the succeeding element 
shows little response, however, to this rapid change in pressure ; and plates 
two or more elements away show no reaction. Particulate material in the 
separate elements does not pass the plates but is filtered out. These ob- 
servations are further evidence for the relative permeability of mature sieve 
tubes to dissolved substances. 

In connection with the measurements of phloem reported in the fol- 
lowing section, a few studies were made on cotton sieve tubes. In common 
with other species examined, the young sieve-tube elements accumulate 
neutral red and plasmolyze with strong sucrose solution,* but mature ele- 
ments cannot be so plasmolyzed. Slime bodies were observed in young- 
elements ; but these disappeared, along with the nuclei, at maturity. Plas- 
tids in the maturing elements may contain several starchlike grains that 
stain wine red with iodine. In older elements the small starch-grainlike 
bodies occur free within the vacuole, agitated by Brownian movement.. 
Each sieve-tube element of the Acala cotton plants studied contained a 
small but conspicuous body, having an amorphous core and a thick coating 
with oddly pitted sculpturing. The phloem parenchyma cells of the stems 
and leaves had plastids containing chlorophyll in low concentration. 
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The evidence presented above, though largely circumstantial, indicates 
that the sieve-tube protoplasm undergoes some marked changes during 
maturity and that the function of the phloem is most probably involved. 

The next studies are concerned with the quantitative relations of the 
“activated diffusion” hypothesis. Although the Trinidad workers 3 have 
produced a large volume of data concerning the gross responses of cotton 
plants to ringing and other similar manipulations, it does not follow that 
these data substantiate the “activated diffusion” theory. In fact, their 
own calculations on rates (41, 42), so widely quoted, may not be in accord 
with these data. 

Quantitative aspects of the “activated diffusion” hypothesis 

By rather devious reasoning the Trinidad workers have concluded that 
solutes move through a “relatively stationary medium” (44) in the sieve 
tubes by a process termed “activated diffusion” (45). In several places 
they compare this with polar concentration or absorption across proto- 
plasmic membranes. They point out that both processes depend upon the 
metabolic activity of cells and utilize energy in performing work. They 
fail, however, to consider that one is taking place over centimeters and even 
meters, the other only across microns. Although energy is expended in 
transferring ions or molecules from the exterior to the vacuole of a cell, 
or from vacuole to vacuole against a concentration gradient, diffusion is 
moving these materials through walls up to the cytoplasmic membrane and 
in most cases probably acts as a limiting factor in controlling rates. 

The problem of longitudinal movement through sieve tubes is entirely 
different. Mason and Maskell give rates as high as 0.6423 gm. per square 
centimeter per hour for movement along what they term “sieve tubes” 
(42, p. 629). Normal rates vary from 0.14024 (41, p. 247) to 0.2356 (42, 
p. 629). Now, these rates are based on “the whole area of the sieve-tube 
groups in the phloem, and include companion cells as well as the walls of 
the tubes” (41, p. 248). Evidently the total transverse area of the inner 
phloem has been used for computing these values. 

Measurements recently made on the phloem in stems of Acala cotton 
indicate the relation among areas of phloem walls, companion and paren- 
chyma cell lumina, sieve-tube lumina, and sieve-tube cytoplasm. A stem 
having a transverse area of 2.74 cm. 2 was used, measurements being made 
on the bark at a point about 4 inches above the soil level. 

The bark of cotton consists of groups of phloem, surrounded on all but 
the cambial side by parenchyma cells of the rays and cortex. The phloem 
groups consist of intermittent bands of sieve-tube-containing groups and 
fibers. Fresh sections of these tissues mounted in water were projected 
s Mason and his associates. 
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and traced on paper. Then the sieve-tube groups were drawn under the 
camera lucida, and the drawings and tracings were measured by cutting 
out and weighing the various areas. Table I shows measurements on tissues 
and regions of the stem and peduncle. 

An oil-immersion lens with critical illumination, used with an ocular 
micrometer, showed the cytoplasmic layer of the sieve tubes to be approxi- 
mately 0.2 p thick. By means of this value and the average sieve-tube 
areas found (table I), areas for the sieve-tube cytoplasm were calculated. 
These values, expressed as areas and also as percentages of the actual sieve- 
tube areas and ‘ ‘ sieve-tube-group ’ ’ areas, appear in table II. A weighted 
average of the latter values turns out to be 0.98 per cent. Apparently, 
therefore, the sieve-tube cytoplasm occupies about 1 per cent, of the total area 
of the sieve-tube groups used by Mason and Maskell as a basis for calcu- 
lating rates. 

TABLE I 

Measurements showing relative areas of various tissues and regions in cotton 
bark. The term “sieve-tube group” is used in the sense of Mason and 
Maskell and includes all phloem except the fibers 


Tissue 

Area 

Percentage 
of total 


cm . 2 

stem 

Bark ; 

0.766 

27.8 

Phloem 

Cortex 

0.314 

0.452 

Percentage of bark 
40.8 

59.2 

Sieve-tube groups 

0.180 

Percentage of phloem 
57.3 

Fibers 

0.134 

42.7 




Set 1: 4 phloem groups with 66 sieve tubes, from the above stem 



cm. 2 x 10 -4 

Sieve-tube groups 

Sieve-tube lumina 

0.98 

13.7 

Companion and parenchyma cell lumina 

3.97 

55.1 

Phloem walls 

2.24 

31.2 


Set 2: 7 phloem groups with 62 sieve tubes, from the above stem 


Sieve-tube lumina 

0.76 

9.9 

Companion and parenchyma cell lumina 

4.82 

62.5 

Phloem walls 

2.12 

27.5 


Set 3 : 3 phloem groups with 172 sieve tubes, from peduncle 


Sieve-tube lumina 

0.71 

10.9 

Companion and parenchyma cell lumina 

3.31 

51.5 

Phloem walls 

2.42 

37.5 
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It seems inconceivable that the accelerating mechanism postulated by 
these workers can act at any great distance from the sieve-tube cytoplasm. 
Sugar movement along the cytoplasm must take place, therefore, at rates 
in the order of 100 times those quoted if based on the total area occupied 
by protoplasm in the sieve tubes. If 50 per cent, of the area is occupied 
by the permanent cytoplasmic structures and by water of hydration (80 
per cent, would probably be a more rational value), then obviously sugars 


TABLE II 

Areas op sieve tubes and sieve-tube cytoplasm in cotton bark 


Set number 

Average sieve- 
tube AREA 

Average area 
sieve-tube 
cytoplasm 

Cytoplasm as 

PERCENTAGE OF 
SIEVE-TUBE 

lumen 

Cytoplasm as 

PERCENTAGE OF 
SIEVE-TUBE 
GROUP 


| 

.u 2 

% 

% 

1 

148.4 

8.4 

5.7 

0.78 

2 

122*6 

7.8 

6.4 

0.63 

3 

41.3 

4.5 

10.9 

1,19 

Weighted average for 300 tubes . 



0.98 


must move at rates of 200 (to 500) times those originally proposed by these 
workers (41, 42). The mechanism of Van den IIonert (63) and the sugges- 
tions of Clements (8) and Leonard (33) are open to similar quantitative 
criticism. 

The work so far described indicates that the protoplasm of mature func- 
tioning sieve tubes has unique characteristics. Apparently it exists in a 
low activity state, being relatively permeable, without streaming motion, 
and of a tough, ductile nature. 

The quantitative interpretation just presented shows the extreme linear 
rates of unilateral movement necessary to provide for known translocation, 
and indicates the inadequacy of a purely diffusional type of transport. 

In the final analysis, the protoplasmic theories all depend upon a sup- 
posed independence of movement of various solutes in the phloem. 

Since organic materials are commonly synthesized in localized regions 
and subsequently moved, obviously gradients in the various forms must 
occur. But the mere existence of a concentration difference between two 
plant tissues or organs does not prove that translocation is occurring or 
normally does occur between them (33, 36, 39). In the translation of 
concentration gradients to actual movement over any distance, Munch’s 
mechanism (50, 51) is particularly significant, for only where a physical 
mechanism exists can gradients be related to rapid movement. 

Curtis (22) and Mason and Phillis (46) question Munch’s mechanism 
because it will not explain simultaneous movement of solutes in opposite 
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directions through the phloem, a process which they claim to have demon- 
strated. The evidence presented for this simultaneous movement is not, 
however, particularly convincing. 

Evidence for independent movement 

Curtis interpreted his early experiments (17, 18, 19, 20) as indicating 
a simultaneous upward movement of nitrogen and downward movement of 
carbohydrates through the phloem. His selection of the mechanism of 
De Vries — namely, diffusion through the phloem accelerated by protoplas- 
mic streaming — to explain movement of all solutes seems to have resulted 
from this interpretation. Apparently he did not consider, at the time, that 
a mass flow of organic solutes, including organic nitrogen compounds, 
might have been taking place upward through the phloem (22, p. 56) . His 
own data, showing large differences early in the season, when phloem move- 
ment would have been predominantly upward, and smaller differences later, 
point to this very possibility. In none of these experiments did he prove 
a downward movement of carbohydrates. 

Clements and Engard (10) have shown that nitrogen absorbed from 
the soil can move into the top of the plant through the xylem (7), and 
Curtis failed to demonstrate complete stoppage of nitrogen movement by 
ringing. His experiments, therefore, do not prove independent movement 
of nitrogen and carbohydrates in the phloem. 

Recently the Trinidad workers have attempted to demonstrate inde- 
pendent movement of solutes through the phloem by special experiments 
(44, 46). Using mass analysis of leaves of ringed and unringed cotton 
plants and testing for nitrogen and carbohydrates in shaded and unshaded 
leaves, they tried to show a simultaneous movement in opposite directions 
through petioles and stems. Their first experiment failed, both solutes 
moving together. They did prove, however, that the movement of these 
materials could be reversed. Their second experiment showed that xylem 
movement will adequately explain the upward transport of mineral nitro- 
gen. Though there is some question concerning their determination of 
carbohydrates by difference between two variables, in the study on move- 
ment of stored nitrogen (third experiment) a more serious weakness is the 
time interval between samplings. Their own earlier work indicates the 
effect that ringing may have upon xylem transport after an initial period 
of about 12 hours. Their evidence for independent movement in the stem 
in this experiment is very inconclusive. The results, furthermore, are 
subject to a completely different interpretation, a weakness that they fully 
recognize (44, p. 50). 

In their final experiment Mason and Phillis (46) attempted by shading 
and ringing to demonstrate a simultaneous movement of carbohydrates and 
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storage nitrogen through the phloem of cotton. Their results show a 
net gain in carbohydrates and a loss of nitrogen in shaded as compared 
with illuminated portions of single plants and show also that these changes 
were prevented by a ring between the respective regions. To get signifi- 
cantly different changes, however, they made their sampling periods all 48 
hours or more in length ; and apparently they failed in their interpretations 
to recognize the possibility of a diurnal reversal of pressure flow through 
the phloem. 

In their earliest experiments with cotton, Mason and Haskell demon- 
strated a diurnal variation in translocation rate. Subsequently they have 
shown that movement is polar with respect to concentration gradients 
within the phloem and that by reversing the gradients one can reverse 
solute movement. In the study under consideration (46) photosynthesis 
would predominate during the day, causing a downward movement of car- 
bohydrate from the illuminated leaves to the darkened ones. These, being 
low in carbohydrate, would accumulate it as long as movement continued. 
When photosynthesis stopped and the gradient flattened, the use of carbo- 
hydrates in respiration would allow the pressure to drop to a place where 
the gradient of hydrolyzed nitrogen compounds in the shaded leaves would 
cause a slow reversal of flow such as has been demonstrated for autumn 
leaves. Nitrogen would be accumulated by the high-carbohydrate leaves 
above. The experiment as performed could not have been more perfectly 
designed to demonstrate this effect, and such an interpretation seems as 
logical as that of the authors. 4 

Eepeated attempts by able workers have not yet adequately demon- 
strated independent movement of solutes in the phloem. Some experiments 
performed (44) have, in fact, shown the opposite, namely, that when carbo- 
hydrates and nitrogen move simultaneously in the phloem they go in the 
same direction and that when they go in opposite directions they do so in 
separate tissues (44). Virus studies (2, 3, 4) substantiate this observation. 

In this connection, Shumacher (60) found in studying Cuscuta that 
fluorescein introduced into the phloem of the host was taken up by the 
parasite with sugars and other foods and that these materials moved to- 
gether in the phloem of the parasite. Mason and Phillis found (47) that 

4 Gustafson and Darken failed to prove independent movement; upward movement 
of phosphorus was slow, simultaneous downward movement of carbohydrate was not 
measured. Gustafson, Helix G. and Darken, Marjorie. Further evidence for the 
upward movement of minerals through the phloem of stems. Amer. Jour. Bot. 24: 615- 
621. 1937. 

Palmquist failed to prove fluorescein moved at rates exceeding protoplasmic streaming ; 
carbohydrate movement was likewise not accurately measured. Palmquist, Edward M. 
The simultaneous movement of carbohydrates and fluorescein in opposite directions in the 
phloem. Amer. Jour. Bot. 25: 97-105. 1938. 
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not only sugars but also phosphorus, potassium, magnesium, and chlorine 
respond to influences affecting movement in the phloem. Calcium was 
immobile after its primary movement to the leaves through the xylem, most 
likely because it combined with oxalate to form the crystals common in 
the phloem of cotton. 

Until independent movement can be shown, all the critical experiments 
on translocation can be more adequately explained on the basis of unidirec- 
tional flow through the phloem or xylem. To explain pressure flow through 
both xylem and phloem, furthermore, we have at hand mechanisms that are 
fairly compatible with present physical concepts. 

Discussion 

The diversity of opinion on the mechanism of food movement in plants 
results from several causes. In going through the immense volume of data 
available on the subject, one is impressed by the differences in interpretation 
that occur. Although the grosser responses of plants have been well dem- 
onstrated, there is an obvious gap between the experimental work and the 
final conclusions. It seems timely to consider briefly some of the reasons 
for this. 

Experimental materials 

In translocation studies a wide variety of plants have been used; and, 
as a rule, generalized interpretations have not attached sufficient weight to 
inherent differences occurring among them. 

Except for certain horticultural varieties, trees in general grow slowly 
in relation to their mass. Spring vegetation may be largely produced from 
stored reserves; summer growth is nourished from current supplies; and 
products of assimilation may be stored largely during the latter part of the 
season. 

With the herb, vegetation starts from reserves in the seed but soon 
becomes self-supporting. In many species materials may be stored in 
specialized organs; in others the bulk of assimilated products goes to pro- 
duce the plant body. Since these different behaviors make different de- 
mands on the vascular organs, translocation must proceed at vastly different 
rates. Besides, plants of like form may vary widely in the types and 
amounts of materials moved and stored, and in the rate and reversibility 
of movement. 

Although materials must move great distances in trees, related processes 
go on slowly ; rapid translocation probably does not occur. In vegetative 
herbs such as tomato and tobacco (14), whose stems and even fruits may 
contain chlorophyll, products of assimilation are largely used locally ; again 
high rates of movement are not required. For critical studies involving 
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changes, rates, and gradients, specialized plants having rapid translocation 
should be used. For such studies the potato (13), the yam (40), the sugar 
beet (5), and certain cucurbits (12, 15) are favorable. Although not all 
studies need be limited to these plants, where diurnal variation and in- 
cipient changes require frequent sampling to obtain significant differences 
such plants should be included in any comprehensive work. Processes like 
xylem and phloem exudation from cucurbits and translocation into potato 
tubers, beet roots, and cucurbit fruits take place at high rates and are sub- 
ject to accurate measurement over short time-intervals. Data on these 
processes should be critical. To state that they are not normal is to beg 
the issue. Rates of movement in such plants are necessarily high. If in- 
terpreted with due regard for the experimental technique involved, they 
should give a clear picture of the processes at their upper limits. 

Though plants may vary widely with respect to rates of movement 
through the phloem (4, 11, 12, 13, 15, 41, 42) there is, however, nothing 
in the structure of different forms to indicate that different mechanisms 
of movement are involved, as suggested by Curtis (22, note at foot of p. 79) . 
Plant anatomy affords strong evidence that the underlying mechanics of 
translocation in both the xylem and phloem are the same in all species. 
Variations in behavior apparently relate more directly to differences in 
rates of synthesis, translocation, and utilization than to differences in the 
mechanics of movement. 

Primary and secondary movements 

Another source of difficulty is the fact that movement of various mate- 
rials is taking place simultaneously in different tissue systems within the 
plant body and is activated by different mechanisms. Unless the distinct 
nature of these is recognized, interpretations may be confused. 

Although secondary processes of translocation are often intricate and 
difficult to study and visualize, certain primary functions are obvious. 
Mineral nutrients, for instance, are absorbed by the roots and are ultimately 
distributed throughout the plant. Organic compounds synthesized in green 
tissues are subject to the same general distribution. In considering trans- 
location, especially with relation to gradients, one should not overlook these 
facts. 

Besides primary movements there is evidence for others. To a certain 
extent in all plants and very largely in woody plants, absorbed nitrogen 
combines with organic material soon after entrance to form amide, amino, 
and other reduced-nitrogen compounds ; and nitrogen may move largely in 
these forms, organic radicles being retranslocated to the foliar regions. 
As Curtis and others (22, 33) have pointed out, there seems little justifica- 
tion for Maskell and Mason's assumption that “the bulk of the mineral 
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nitrogen absorbed by the roots is carried in the transpiration current to 
the leaves, where it is elaborated . . . and exported through the sieve tubes 
back to the roots” (37). On the other hand, as Mason and Maskell (43) 
have shown, nitrogen, potassium, and phosphorus may move out of leaves 
and be distributed throughout the plant via the phloem. Hence secondary 
movements of both organic and inorganic nutrients may be important in 
the general process of translocation, the relative role of each depending 
upon rates of absorption, synthesis, and utilization. 

A problem often overlooked is the lateral distribution of nutrients from 
vascular tissues. Since the ultimate distribution of all materials is gen- 
erally throughout the plant body (30), all nutrients translocated but not 
used by the vascular tissues themselves are distributed laterally from these 
tissues,* and since the nutrients are largely used by meristems to produce 
new tissues, processes of growth and translocation are necessarily closely 
related. Nutrition of meristems is an important function of vascular 
tissues; and the supply of nutrients to growing cells is apparently not a 
mere “leakage,” but an active movement carried on by the intervening 
protoplasm. A dynamic equilibrium should exist between the cambium 
and solutions moving in the adjacent xylem and phloem tissues, growth 
being conditioned largely by the balance and supply of foods. 

Although growth and translocation are closely interrelated, the latter 
providing food for cell expansion and wall formation, and although growth 
fixes foods in non-mobile and less active forms so that the growing tissues 
act as “sinks” for all foods, there is seemingly no evidence that foods are 
moved for any great distance by the growth process or move through grow- 
ing cells (56). Differentiation and growth are continuous functions of 
active phloem tissues ; within the phloem there are maintained constantly a 
number of mature sieve tubes. That growing sieve tubes are active in 
translocation does not, however, necessarily follow. According to our 
present knowledge, conduction should be assigned to the mature elements, 
growth being an effect rather than a cause of the movement and supply 
of foods (56). 

Protoplasmic conduction 

Turning now to the actual paths of movement, there are apparently two 
mechanisms involved in the final distribution of foods. First, there is a 
slow movement along the cytoplasm from the chlorenchyma to the phloem, 
and again from the phloem out to the final destination in meristems, storage, 
or other utilizing cells (13). This is pictured as a diffusional movement 
accelerated by protoplasmic streaming and wherever the longitudinal rate 
of transport does not exceed that of protoplasmic streaming it seems that 
this mechanism suffices. The rapid longitudinal transport of foods at rates 
of 20 cm. per hour or more is a different sort of process and requires a 
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different mechanism. Such movement must occur principally in the sieve- 
tube lumiiia. 

Schumacher considers that his experiments with fluorescein (59, 61) 
prove a rapid movement of this dye through sieve-tube cytoplasm. There 
are two other possible explanations of his observations. In 1932 the writer 
suggested (12) that eosin in Schumacher’s early experiments (58) was 
being absorbed into and carried along the xylem, reentering the phloem at 
points removed from that of its original application (12, p. 195). Rhodes 
presents a similar interpretation of fluorescein movement in a recent paper 
(57 ; see also 47), but Schumacher in repeated experiments, including some 
in which the xylem from Pelargonium petioles was removed, seems to dem- 
onstrate that fluorescein may move in the isolated phloem (61). 

Granting that fluorescein moves rapidly in the phloem (59, 61), without 
some definite information on the partition of this dye between the cyto- 
plasm and vacuole it is questionable to attribute the actual transport to 
the cytoplasm. There is still some doubt as to the localization of fluorescein 
in the sieve tubes in Schumacher’s experiments (59). One might assume 
a rapid movement of the dye in low concentration through the vacuoles 
with adsorption by the cytoplasm to explain his observations. Other dyes, 
such as aniline blue, are accumulated in the cytoplasm of mature sieve 
tubes from a low external concentration. Regardless of the path of move- 
ment of fluorescein, however, sugars, which move in vastly larger amounts 
through the phloem, would have to overcome extreme resistance to travel 
at the required rates through cytoplasm. 

Continued experiments on chilling and coating petioles (21, 24, 47) 
have failed to prove that sieve-tube protoplasm plays an essential role in 
longitudinal transport. Reduction in rates may be explained on the basis 
of viscosity change and altered permeability of phloem tissues. This type 
of experiment is of doubtful value in the final solution of the problem. 

According to Mason and Phillis (47, p. 497), “The mechanism activat- 
ing diffusion (in the sieve tube) consists of some special organization in the 
cytoplasm, maintained by metabolic energy, whereby the resistance to solute 
movement is so reduced that materials diffuse in the sieve tube at rates 
comparable with those in a gas.” For reasons unknown, these writers 
make an illogical choice in selecting the solute as the object of this special 
mechanism. Experiments on water and solute absorption, plasmolysis, and 
water movement in tissues indicate that the solvent, water, moves through 
protoplasm more readily than do solutes. If water is included among the 
substances that move by “activated diffusion,” then there is little difference 
between the “activated diffusion” and the pressure-flow theories, for move- 
ment in the latter instance is a special case of diffusion of solvent and solute 
through tissues along a concentration gradient of solution. Such flow must 



CRAFTS: TRANSLOCATION IN PLANTS 


805 


occur through the walls of root hairs, possibly through the vacuoles of 
endodermal cells, and through the walls of xylem vessels in roots that are 
absorbing water and solutes simultaneously. The apparent independence 
of solute movement under these conditions might result from differential 
resistance to various solutes by the membranes traversed, such resistances 
being related to molecular sizes, hydration, and the like. Whereas the 
pressure-flow theory pictures acceleration in the sieve tube as resulting 
from a hydrostatic pressure, developed osmotically and exerted impartially 
upon solute and solvent, the “activated diffusion’ ’ theory requires a selec- 
tive application of energy to the solute molecules by the protoplasm. The 
former is based upon almost innumerable observations of phloem exudation 
where solute and solvent flow from cut phloem in volumes entirely too large 
to have come from the cut elements alone (15). The latter is entirely hypo- 
thetical and rests largely upon the questionable evidence for independent 
movement that was considered in a previous section. 

Schumacher, discussing the movement of fluorescein in cucurbit (59), 
states that he plasmolyzed sieve tubes with a sucrose solution. Evidently 
he was observing young sieve tubes. His studies on exudate, however, must 
have involved mature elements. Apparently he overlooked the importance 
of sieve-tube ontogeny in this problem and consequently misinterpreted 
many of his observations. 

Movement along cell walls 

#~Mason, Maskell, and Phillis have objected to my postulation of flow 
along phloem walls. Although I have altered my views on this subject 
(15), it still seems probable that movement through wall material takes 
place (1) from the furthest differentiated sieve tubes to the growing points 
of root and shoot, (2) across sieve plates from element to element, and 
(3) laterally when gradients are altered by such practices as partial ringing 
(42) and sectional pruning. 

Considering for the moment that when a healthy plant cell is plasmo- 
lyzed with sucrose, the molecules may diffuse through the wall in a matter 
of minutes, whereas they may take hours or even days to traverse the cyto- 
plasm, flow along walls does not seem irrational compared with movement 
at even higher rates through cytoplasm. If the cytoplasm of mature sieve 
tubes is permeable (13), this objection is less pertinent. It seems highly 
unlikely, however, that protoplasm devoid of streaming movements and 
completely permeable to solutes could be the seat of such high metabolic 
activity as would be required to provide the necessary acceleration. Rather, 
protoplasm of the functioning sieve tubes seems to be definitely degenerating 
and passing into a condition of prolonged senility, followed by death 
(12, 13). 
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Inadequacy of mass analysis 

Many interpretations by the Trinidad workers and others indicate the 
inadequacy of mass-tissue analysis for studies on translocation. Curtis has 
pointed out this weakness (22). Granted that photosynthesis occurs in the 
plastids and that movement of carbohydrates to the sieve tubes takes place 
by diffusion, accomplished via the protoplasm and accelerated by streaming 
(13, 22, 50, 51), there is apparently no reason to postulate a polar accumu- 
lation by transition or companion cells, and secretion into the sieve tubes 
(53). One might more logically assume that carbohydrates are high in 
concentration in the cytoplasm of mesophyll cells and move along a positive 
gradient into the sieve tubes. Mass analysis gives predominantly a picture 
of vacuolar concentrations and indicates simply the amount of solutes main- 
tained in the vacuoles of mesophyll and cortical parenchyma cells to pre- 
serve their form and to insure them against desiccation. Vacuolar concen- 
trations in the sieve tubes are in equilibrium with those of the cytoplasm 
because of the peculiar permeability conditions ; and there alone may the 
true status of nutrients within the actual paths of movement be measured. 
Until methods are developed for determining sugars in the cytoplasm and 
in sieve tubes, it seems futile to interpret mass analyses in terms of trans- 
location. Loomis’s assumption of polar movement of carbohydrates in 
maize (35) is based upon such faulty interpretation. If one does not 
assume that food movement determines fertilization, Loomis's defoliation 
and defruiting experiments all fit the mass-flow theory. Gradients as de- 
termined by mass analysis reflect vacuolar concentrations in the various 
tissues analyzed. Although they indicate relations of storage and water 
loss, they form no adequate basis for the assumption of polar movement. 

According to recent experiments on translocation in the sugar beet (5) , 
phloem parenchyma may play an important role in maintaining necessary 
gradients by temporary storage of sugars ; and the results reported by 
Phillis and Mason (53) are probably more directly related to this effect. 
This suggestion, however, should be checked by analyses showing vacuolar 
concentrations in individual cells. 

As this discussion shows, more detailed information on tissues involved 
in absorption and transport is needed for an understanding of the me- 
chanics of these processes. Mass-tissue analysis gives an excellent picture 
of the gross responses of plants to ringing (22, 34, 36, 41, 42) and similar 
practices. Workers, with few exceptions (22), agree that the primary up- 
ward movement and distribution of mineral nutrients absorbed by the roots 
take place through the xylem and that organic materials synthesized in the 
leaves pass to utilizing cells through the phloem (52). The final agreement 
upon the mechanics of movement in sieve tubes, however, must await the 
development of methods for studying single tissues and possibly single cells. 
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Conclusions 

The translocation problem is obviously complex. At least two tissue 
systems are utilized in actual conduction ; all tissues of the plant and most 
functions are involved directly or indirectly. Only by viewing the problem 
in this broad aspect may one hope to integrate its various phases into an 
organized mechanism and to harmonize it with known plant structure. 

Root absorption by higher plants, involving as it does accumulation by 
single cells, secretion into nonliving ducts, and movement both to and away 
from the functioning organs (16), constitutes the primary process in the 
translocation of mineral nutrients and water (31). Absorption and translo- 
cation by roots seem, in fact, inseparably related and should be studied as 
phases of a single phenomenon. 

In dealing with the problems of absorption and translocation we cannot 
neglect structure. There is, for example, no apparent reason for assuming 
a general upward movement of nitrogen in the phloem, simultaneous with 
the downward passage of carbohydrates. Root anatomy apparently indi- 
cates much greater difficulty in absorption by the phloem than in release 
into the xylem (11, 16). No mechanism in the phloem explains the ex- 
tremely rapid rise of minerals observed in the plant. Many reports on the 
occurrence of both inorganic and organic nitrogen compounds in xylem sap 
indicate their presence in the water-conducting tracts (1, 55, 62). This 
general knowledge, with the results of Maskell and Mason (37, 38), Hoag- 
land and Broyer (32), Clements and Engard (10), and others, points to 
conduction of mineral nutrients in the xylem. 

Viewing mineral movement in relation to anatomy and considering the 
rates and distances involved, one may conclude that the roots are the pri- 
mary source of minerals in the plant ; that the minerals may diffuse laterally 
from the xylem during their upward movement; and that any residual 
minerals not held by the leaves may be retransported via the phloem with 
carbohydrates. The leaves would thus constitute not only a portion of the 
sink for minerals in primary movement but also the source of the secondary 
supply. This flow of carbohydrates and residual mineral nutrients in the 
phloem is apparently the most important supply to the primary-shoot meri- 
stems. 

In certain herbaceous plants plentifully supplied with nitrogenous fertil- 
izer there may be a large secondary movement of nitrogen out of the leaves. 
In many plants, however, especially in woody ones, the primary movement 
would predominate ; and the secondary movement might cease entirely, at 
least during the latter part of the growing season. Evidently a secondary 
release from most leaves occurs before death or under heavy shade. 

Data on problems of translocation are rapidly accumulating. New ob- 
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servations have been made on phloem exudation (2, 3, 4, 15). 5 Although 
this evidence is not complete, each added contribution helps. Plants vary 
widely in their rates and volumes of phloem exudation. In view of their 
forms and functions, this variation seems rational. Highly vegetative 
herbs, as pointed out, need not move organic foods over great distances. 
Trees, because of relatively slow growth over long periods, also have low 
requirements except in fruit formation. Only plants that rapidly store 
large quantities of carbohydrate require high rates — for example, cucurbits 
and sugar beets, which exhibit rapid phloem exudation. 

The pressure-flow mechanism should meet certain functional and struc- 
tural requirements. Turgor gradients pictured by Munch have been 
proved nonexistent (22, 23, 53). The sugar-beet plant is an excellent ex- 
ample, having 5 to 10 per cent, sugar in leaf cells, about 10 per cent, in 
phloem exudate, and as high as 25 per cent, in root storage cells. Both the 
diffusion and pressure-flow theories require, apparently, accumulation 
within certain receiving cells to concentrations higher than those of the con- 
ducting tissues to provide the necessary concentration gradients. 

Whereas Weevers and Westenberg (64) were unable to collect water of 
exudation from the cambium by the method of Munch, Molotkovskii (49) 
was apparently successful. He agrees with Munch that this water comes 
from the cambium and suggests that the sugar appearing during the first 
few days comes from injured phloem. Organic materials appearing later 
in the experiments come from contaminating fungi. The occurrence of this 
type of exudation probably depends upon a relatively abundant supply of 
water to the tree. A demonstrable flow is not essential to the pressure-flow 
theory, for the water accompanying foods in the phloem may be largely 
used in growth or even lost by evaporation through the bark. True phloem 
exudation is the most important prerequisite; and where it fails entirely, 
either translocation is not taking place or some other mechanism is involved. 
Recently reported xylem-exudation studies show another weakness of the 
Munch hypothesis. Munch's explanation of root pressure as resulting 
from unilateral secretion of water from the phloem will not explain the 
large volumes nor the ion concentrations of exudate from excised root sys- 
tems. His view of sieve-tube structure has, furthermore, proved untenable, 
in the light of more recent studies. There seems to be no reliable evidence 
for intervacuolar passages within the protoplasmic strands of the sieve 
plate. 

As critics of the pressure-flow theory have pointed out, phloem exuda- 
tion varies among species and may not be demonstrable in some. Demon- 
stration of this phenomenon, however, depends upon several factors. If 
any appreciable volume is to come from a cut stem, rapid translocation must 

s See also footnotes 2 and 6. 
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be in progress, and exudation must exceed evaporation. Capillary absorp- 
tion by intercellular spaces of the cortex and pith must be prevented. 
Flow, furthermore, must be rapid compared with stoppage. In order to 
survive, plants must have developed a mechanism for preventing excess 
leakage. A recent paper reports observations on this phenomenon (15). 
The relative rates of flow and stoppage determine the volume of exudate 
that comes from a single cut. The best known way to maintain flow is to 
repeat the cutting (11, 12, 13, 15). By proper technique, phloem exuda- 
tion may eventually be demonstrated in all higher plants. 6 

The physiological-anatomical relations of phloem transport form a fer- 
tile field for study. Much should be known concerning the limiting layer 
that retains, within the phloem strands, materials in transport. Dissection 
experiments (11) indicate such a layer. Though the relation of virus 
movement to translocation of foods is being reserved for a later paper, the 
recent work on curly top should be noted (2, 3, 4, 26). Evidence for move- 
ment of virus in the phloem with foods and for exudation of the virus-bear- 
ing sap from necrotic phloem through a normally impervious layer seems 
convincing. 

Curtis has pointed out the difficulties that result from cutting a system 
composed of nonrigid cells acting under a positive pressure (22). A 
method for artificially injecting such a system without injury would be 
highly desirable. As Bennett’s work shows, the inoculation of curly-top 
virus by the sugar-beet leafhopper provides such a method : though injury 
results to the phloem, translocation may be rapid enough to carry the virus 
considerable distances before necrosis becomes serious. On the other hand, 
the study of internal symptoms has itself proved valuable (28), providing 
additional evidence for the permeability of mature sieve tubes. 

The foregoing discussion should show that the divergence of opinion that 
has characterized translocation study in the past is narrowing and that lack 
of agreement results not so much from conflicting bodies of data as from 
differences in interpretation. Workers supporting both the protoplasmic 
theories and the pressure-flow mechanism assume a specialization of the 
sieve-tube protoplasm and call upon the activity of living cells. The basic 
assumption of the former group seems to be that there exists in the phloem 
rapid transmission of molecules independent of the solvent and related to a 
high activity state of the sieve-tube protoplasm. 

According to the pressure-flow theory, conduction is permitted by a high 
permeability of the sieve-tube cytoplasm resulting from a decline in its 
activity state. Cytoplasm in this condition apparently allows a ready pas- 
sage of food materials in solution. 

e See recent experiments of Moose. Moose, Carleton A. Chemical and spectro- 
scopic analysis of phloem exudate and parenchyma sap from several species of plants. 
Plant Physiol. 13: 365-280. 1938. 
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Obviously more research will be required to settle the controversial 
phases of this problem. It would seem imperative that this research include 
detailed cytological studies on phloem tissues and that the relation of 
ontogeny to function be kept in mind. 

The writer wishes to express his appreciation to Dr. Katherine Esau 
for suggestions concerning sieve-tube ontogeny and for help in translating 
several of the papers cited. # He is also indebted to Dr. L. D. Davis and 
T. C. Broyer, Dr. J. P. Bennett, Dr. H. F. Clements, and others, at Davis 
and at Berkeley, California, who have read the manuscript and whose 
kindly criticisms have made possible the presentation of this review in its 
present form. 

University of California 
Davis, California 
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ICE FORMATION AND THE DEATH OF PLANT CELLS 
BY FREEZING 

Irene H. Stuckey and Otis F . Curtis 
(with one figure) 

Introduction 

The resistance of plant tissues to low temperatures and the causes 
thereof have been the subject of extensive research by many investigators. 
Since there have been comprehensive reviews of both phases of the subject 
written by Chandler (4, 5), Rosa (22), Akerman (1), Maximov (15), 
Levitt and Scartit (13), and Scartii and Levitt (23), this paper refers 
only to those investigations which are specifically related to the immediate 
problem. 

In all but very few of the previous studies of ice formation in living 
tissue, the material was frozen by various means, and then after thawing, 
was examined either grossly or microscopically. What had occurred during 
freezing was postulated from the appearance of the thawed tissue. Of the 
few investigators who observed freezing directly, apparently Molisch (17) 
was the first to see ice formation as it occurs in living cells. His microscope 
was put into a specially constructed ice chest with openings to give access 
to the controls. The apparatus was inconvenient to use, and the tempera- 
ture could not be regulated, but Molisch was able to use it to watch freezing 
in Amoebae and in several plant tissues. 

Wiegand (26) investigated the condition of buds during subzero weather. 
He used a microscope and sectioning apparatus out-of-doors and noted where 
ice was formed in the buds. Ice was found as a single continuous layer 
always in the mesophyll of the leaf or scale, never between the scales. The 
cells on either side were in a state of collapse and often occupied less space 
than the ice sheet. Ice formation was observed in some species at -18° C.,' 
in others not until -26° was reached. This difference seemed to be deter- 
mined by the size of the cells and the amount of water which they contained. 
The ice decreased in amount as the temperature rose and finally disappeared 
at -3.2 to -2.3° C. No injury was noted in buds in which such ice was 
formed, even after rapid thawing at 21° C. 

Schander and Schaffnit (24) used a cold chamber mounted on a micro- 
scope stage. The chamber was cooled by passing a jet from a tank of 
compressed C0 2 through ether. By this means the object could be quickly 
cooled to any temperature down to about -30° C., and the frozen tissue 
could be observed under the microscope. Akerman (1) used the Molisch 
technique and directly observed the tissues in the frozen condition. 
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Chambers and Hale (3) made microdissection studies of freezing frog 
muscle, Amoebae, and the epidermal cells of red onion. The operations 
were performed on prechilled material in a cold room at temperatures 
ranging from 0° to -5° C. 

The methods used by these workers are not entirely suitable for observing 
the process of freezing. The purpose of this investigation was to find some 
simpler means for directly observing ice formation in plant tissues, and once 
this method was established, to apply it to some of the problems concerned 
with the resistance of plants to low temperatures. We wished to determine 
more certainly, if possible, where and under what conditions ice occurs, and 
the relation of water content to resistance. 

The observations were made with a Spencer binocular microscope of 
the type with a square stage and inclined oculars. The square stage was 
necessary because of the design of the cold stage attached to it. Sufficient 
magnification was obtained with lOx-oculars ; oculars of higher power gave 
an unsatisfactory image. It was essential to replace the 4-mm. objective 
of the microscope with one having a greater working distance, consequently 
the objective used was an achromatic model 4-mm., N.A. 0.65, working dis- 
tance about 0.9 mm. The top lens of the condenser was removed to raise the 
point of convergence of the rays of light to the level of the mount in the 
cold stage. The light source was a microscope lamp with a 250-watt fila- 
ment bulb, a condenser, and a ground glass. 

For the actual freezing process, the cold stage and circulatory system 
described by Mason and Rochow (14) were used. It was found desirable 
to make a few modifications for best results with biological materials. The 
bottom cover glass was sealed in place with LePage’s cement rather than 
vaseline. Celotex was used to insulate the stage since sheet cork of the 
desired thickness could not easily be obtained at the time the stage was made. 
As stated by the designers of this apparatus, the operation of the system 
would have been easier if the channels in the stage had been larger, and the 
circulatory tubes of correspondingly greater diameter. This would allow 
for greater flow of liquid, and consequently better temperature control. 
Ether rather than acetone was the liquid used with the solid carbon dioxide 
in the Dewar flask. A still better method would involve the use of a mechan- 
ical water cooler instead of solid carbon dioxide. The plant material was 
mounted in paraffin oil on an 18-mm. no. 1 cover glass, and over it was placed 
a fragment of no. 0 cover glass large enough to cover the specimen. It was 
found easier to mount the material in this way than between two cover 
glasses. This mount was placed on a tripod of copper wire in the well of 
the stage. A 25-mm. cover glass which rested on the flange of the stage was 
placed over it, leaving an air space underneath. The air space insulated 
the cover glasses, and the objective conducted heat to the well to such an 
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extent that the material would not freeze when the objective was in focus. 
To avoid this difficulty, the designers of the stage recommend that the mount 
be so made that some of the material to be frozen is in contact with the stage ; 
but with the material used, this was not feasible; therefore, solid carbon 
dioxide was used to chill the objective. The dry ice was packed into the 
space between the objective and the stage, above the upper cover glass. A 
piece of sheet asbestos was fitted over this to prevent the solid carbon dioxide 
from evaporating too quickly. A dissecting needle could easily be thrust 
through this layer of dry ice to tap the cover glass and prevent supercooling. 
The air space between the upper cover glass and the one on which the mate- 
rial was mounted gave adequate insulation against the low temperature 
induced by the presence of the solid carbon dioxide on the upper cover glass. 
Whenever this cover glass was broken, however, the mount froze imme- 
diately; therefore, no temperature readings were considered valid unless 
the cover glass remained unbroken throughout the freezing. 

Exact determinations of temperature were not considered essential for 
this phase of the investigation. An alcohol-filled, low temperature ther- 
mometer reading to - 50° C. was inserted in the thermometer opening in the 
cold stage. This thermometer was calibrated by observing the temperature 
at which distilled water froze when placed between cover glasses in the same 
way as the plant tissues were mounted. This temperature was found to 
agree within 2° C. with the temperature as determined by immersing the 
thermometer in melting ice. There was less error when the temperature 
change was gradual than when it was rapid. Since the difference in tem- 
peratures was always greater than the experimental error, this method was 
considered sufficiently accurate. For more precise temperature readings it 
would be desirable to use a thermocouple instead of a thermometer. 

To insure a uniform water content in experiments where wheat seeds were 
used, lots of 100 seeds were placed in 2-oz. bottles with a known volume of 
water. These bottles were then fitted securely with wooden wedges into 
holes in a large wooden wheel which was rotated slowly with a small electric 
motor. The rotation kept the grains constantly rolling over so as to bring 
about a uniform distribution of water. The seeds were weighed when air 
dry before the water was added to them, and then again after they had been 
rotated with the water for a given length of time. Some of the highest per- 
centages of water determined may not have been accurate, since in some of 
these eases not all the water was absorbed. 

For gross freezing, a General Electric water cooler was used. Alcohol, 
in which the bottles containing the seeds were suspended, was placed in the 
compartment designed for water, and the temperature was regulated in 
the usual manner. After treatment, the seeds were germinated in sterilized 
petri dishes containing layers of moist paper toweling. 
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Observations 

For those studies involving microscopic observations, isolated cells of 
Sedum acre L., stamen hairs of Zebrina pendula Schnizl., and prothallia of 
Poly podium aureum L. with large irregular plastids were used. 

Ice formation in cells of Sedum acre L. 

The cells of the Sedum were obtained as follows : A leaf, split with a dis- 
secting needle, was placed in a drop of paraffin oil on a slide and pressed 
gently under a cover glass. Then when the cover glass was lifted and the 
large fragments of the leaf were removed, isolated mesophyll cells, each sur- 
rounded by a thin film of cell sap released from the vacuoles of crushed cells, 
remained in the oil. These cells froze readily, but the thin film of sap froze 
more quickly than the cell contents and concealed the behavior of the latter. 

Ice formation in Zebrina stamen hairs 

The Zebrina stamen hairs were mounted directly in paraffin oil. The 
streaming, which at room temperature was fairly rapid, gradually became 
slower as the temperature dropped, and stopped completely at 0° to - 2° C. 
In some instances Brownian movement of the granules began when stream- 
ing ceased ; it persisted for a few seconds and then stopped. That this was 
not observed in all cases is probably attributable to the speed at which the 
temperature was lowered. No visible disintegration of the cells was evident 
after streaming had stopped. Mature cells froze when the temperature 
reached -7° or -8° C.; immature cells were more resistant, remaining 
unfrozen to a temperature of - 17° C. These younger cells seemed to have 
a very high osmotic concentration which apparently decreases rapidly as 
the cells mature. These younger cells, moreover, showed larger granules 
and a greater concentration of anthocyanin. 

As the freezing point was approached, it was necessary to tap the cover 
glass with a needle in order to prevent excessive undercooling. Formation 
of ice crystals always occurred first outside the field of vision, and as each 
cell froze, beginning at the end toward the base of the stamen hair, it inocu- 
lated the one next to it until in rapid sequence all of the cells in each hair 
had frozen. Each cell as it froze became filled with a closely packed mass 
of granular ice crystals, and was thereby rendered opaque. Differences in 
the freezing of the cell parts could not be observed. When cells frozen in 
this manner were thawed slowly, the cell sap escaped, since the plasma 
membrane had become more permeable, and the sap collected as droplets in 
the surrounding paraffin oil. When this occurred, the cells became shrunken 
and the cell walls very irregular. The cytoplasm assumed a very granular 
appearance and became stained purple by the vacuolar pigment. The nucleus 
was much distended and glassy in appearance and more conspicuous than 
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in the living cell. The appearance of cells after more rapid thawing was 
similar to that just described; however, in these cells, the cell retained more 
of its normal semipermeable character, since less of the cell sap escaped, 
and the cell walls had more nearly their usual contours. 

Ice formation in Polypodium prothallia 

The Polypodmm cells, like those of Zebrina, showed excessive undercool- 
ing unless the cover glass was tapped with a needle. Ice formation took 
place in these cells in two ways ; one of these may be described as “ wave front 
advance ” freezing, and the other as “single cell” freezing. In the first 
type, inoculation occurred outside of the field of the microscope, and from 
the first crystals seen, the ice front advanced in a series of localized waves, 
until the entire visible portion of the field had become frozen. The crystals 
formed under these conditions were compact and granular. In the “single 
cell” type of freezing, isolated individual cells froze here and there across 
the field until all the visible ones were frozen. In some of these, a slight 
quivering of the cell contents took place just as inoculation occurred, giving 
the impression that the protoplast had a jelly-like consistency. The ice 
crystals formed in some cells were compact and granular, like those of the 
“wave front advance” type. The crystals in other cells were needle-like 
and developed from one or more sides of the cell. These crystals elongated 
rapidly until they extended across the cell, giving the latter a striated 
appearance. 

In all cases, the chloroplasts froze a few seconds after the other parts of 
the cell had been obscured by ice. This delay indicates the presence of a 
membrane around the plastid which may allow greater undercooling to 
occur. The plastid probably also has a higher osmotic concentration. Some 
differences seemed to exist between the time of freezing of the vacuolar sap 
and that of the cytoplasm, the latter freezing first ; but the order of freezing 
could not be determined definitely with the apparatus used. The relative 
time of freezing of the nucleus remains uncertain. 

When the temperature was raised, the crystals of ice melted gradually 
and formed drops of water. These drops fused and the protoplasts again 
became visible. The appearance of these protoplasts was comparable to 
that of the stamen hairs after thawing : the cytoplasm was granular and the 
outline of the plastids irregular. The plasma membrane likewise became 
more permeable, as evidenced by the droplets of cell sap accumulated in the 
oil outside. The cell walls retained their normal contours. No difference 
was observed between slowly and rapidly thawed cells. 

Influence of sucrose as a protective agent 

Experiments were performed with sections of the epidermis of red cab- 
bage which had been kept in the cold room at 5° C. for several months and 
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presumably were in a hardened condition. Strips of epidermis were put 
into small test tubes, and the tubes were then immersed in an alcohol bath 
cooled to - 10° C. After the tubes had remained at this temperature for 10 
minutes, chilled sucrose solutions of varying concentrations were poured 
gradually down the sides of the tubes. The sections were gradually brought 
to room temperature over a period of 2 hours and then examined under the 
microscope. Most of the cells showed some degree of plasmolysis, but there 
was no correlation between the extent of the plasmolysis and concentration 
of the thawing solution. When the sucrose solution was gradually replaced 
with distilled water, the protoplast disintegrated, the red pigment diffusing 
into the bathing solution. Even if the sucrose solution was diluted gradually 
over a period of an hour, in no ease did the protoplast remain intact. This 
suggests that since the tubes in which the strips of epidermis were frozen 
were at room temperature when the experiment began, the cells became some- 
what plasmolyzed by withdrawal of water during the first 2 or 3 minutes 
that the tubes were in the freezing bath. Then when they reached the tem- 
perature of the bath, or some critical point above this temperature, ice was 
quickly formed inside the protoplast and the cells retained the appearance 
they had at the time of freezing. The addition of the sucrose had no pro- 
tective action in delaying deplasmolysis of the protoplast, but it did prevent 
the immediate disintegration of the cytoplasmic membranes which occurred 
in tissue thawed in air or water. The evidence suggests that the cells were 
dead when the sucrose solutions were added, and the “protective” action 
was purely mechanical. 

To check these observations, the experiment was repeated. The test 
tubes used, however, were first chilled to the temperature of the bath before 
the strips of epidermis were introduced. The results were the same except 
that there was no pseudo-plasmolysis. The protoplasts were killed before 
any water was withdrawn from them. 

Similar experiments were performed freezing the tissue in water and in 
solutions of sucrose ranging from 0.5 M to 4 M. At - 10° C., the water, 0.5, 
1, and 2 M sucrose solutions appeared completely solidified. Ice crystals 
were formed in the two stronger solutions (3 and 4 M), but there was still 
a small amount of unfrozen solution present. If the solutions were cooled 
to the temperature of the bath before the epidermal strips were put into 
them, no plasmolysis occurred. But if the tissue remained in the solutions 
for a few minutes before being chilled, plasmolysis took place. When these 
sections were thawed gradually, and then the sucrose was replaced with 
distilled water, the protoplast swelled rapidly and the protoplasmic mem- 
branes disintegrated. Even when the dilution occurred gradually, the 
plasma membrane became disorganized and the cell sap diffused out into 
the bathing solution. In a few strips of epidermis, some two or three very 
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small cells deplasmolyzed completely and were apparently alive, but when 
they were plasmolyzed again, they did not survive. There is some doubt 
as to whether ice was actually formed in these cells, since they were very 
much smaller than the surrounding cells which did not survive, but even 
these smaller cells did not survive after the second plasmolysis. 

Iljin (9) found that similar strips of red cabbage epidermis were pro- 
tected by thawing in sugar solutions. He suggests that the solution absorbs 
the water which is lost from the cells when the temperature is lowered and 
prevents its rapid imbibition by the protoplast when thawing takes place. 
And if the rate of expansion of the cytoplasm is more nearly equal to that 
of the cell wall, rupture of the plasma membranes and subsequent death of 
■the cell- does' not occur. Iljin ’s experiments may be criticized because the 
deplasmolysis which was used as the criterion of life was not carried to 
completion. That the protoplast would expand partially was considered 
sufficient proof that the cell was alive. The studies of Chambers and Hofler 
(2) with isolated tonoplasts have shown that this membrane can be made 
to expand and contract with solutions of various concentrations even out- 
side the cell and entirely free from protoplasm. Chambers and Hale (3) 
describe frozen epidermal cells of onion bulb scales in which the cytoplasm 
and nucleus had disintegrated as a result of freezing, yet the tonoplast 
or vacuolar membrane remained intact and showed deplasmolysis on thaw- 
ing. The evidence presented by Iljin is not entirely convincing that the 
cells were still alive after being thawed in the sucrose solutions. 

In the present work some of the strips were frozen in sucrose solutions 
in the cold stage. If the cells were strongly plasmolyzed before freezing 
took place, the temperature required for ice formation was much lower than 
if the cells were not plasmolyzed, which is to be expected in view of the higher 
osmotic concentration within these plasmolyzed cells, and perhaps because 
of greater undercooling in this condition. When the cells were very 
strongly plasmolyzed, ice was not formed at - 10° C. 

In Iljin ’s experiments the temperature was lowered much more slowly 
than in those here reported. The tissues were kept at some of the higher 
temperatures for as much as 24 hours. This not only would allow hardening 
to take place, which would make the cells more resistant to low temperature, 
but also allowed for plasmolysis which so increased the osmotic concentration 
of the cells that ice formation was prevented until a very low temperature 
was reached. This is in agreement with the findings of Akerman (1). 

Experiments such as have just been described were performed with fern 
prothallia also. The results were comparable. 

Ice formation, water content, and cold resistance of wheat 

Wheat was chosen for the material to be studied because so many of the 
previous studies of cold resistance and hardiness have been made with wheat, 
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and because the seed coats do not interfere with rapid absorption of water. 
During the winter of 1935-1936 a local commercial grain was used for most 
of the tests, and the results were checked with Minhardi. During 1936- 
1937, Minhardi was used altogether, with the exception of one group of 
experiments for which a non-hardy wheat, Leap, was obtained from the 
Department of Plant Breeding. 

The percentages of germination of the controls was above 95 per cent, 
in all the wheat used and the seeds were kept in a sealed jar in a cool room 
to prevent any marked changes either in water content or in vigor. The 
grains were hand selected for uniform size and were divided into lots con- 
taining 100 seeds each. The weight of these seeds before any water was 
added was considered the “ air-dry’ ? weight. The “ oven-dry 77 weight was 
obtained after drying samples of seeds in a vacuum oven for 288 hours at 
90° C. The water content of air-dry grain was determined at intervals for 
different lots of seed to check the amount of water they contained, so as to 
be sure that the grain used over a period of time had the same initial water 
content. Calculated on this oven-dry basis, the air-dry seed contained 10 
per cent, of water. For those lots of seed to which water was added, the 
percentages were computed from the increase in weight of water over the 
air-dry weight, the latter being considered as 10 per cent, from the previous 
determinations. The lots of seeds were weighed, put into bottles and a 
known volume of water added from a burette. The bottles were then stop- 
pered tightly, put into the wheel, and rotated for 48 to 96 hours. In some 
of the first experiments, this rotation was performed at 25° C., but since at 
that temperature, seeds containing more than 31 per cent, moisture sprouted, 
a temperature of 4° C. was used. At the end of the period of rotation, the 
seeds were weighed again and the average percentage of water in each lot of 
seed was calculated. Seeds of each class according to their w T ater content 
were then exposed to a temperature of - 20° to - 25° C. for 5 hours. After 
treatment they were germinated at 25° C. Counts were made at the end 
of 36 to 72 hours. The wheat germinated very quickly, and only rarely did 
those seeds which failed to germinate after 72 hours germinate at all. 

There is no essential difference between the shape of the curve of germina- 
tion with the Minhardi wheat and that of the Leap. These results are shown 
on the graph (fig. 1). 

Sections of the endosperm of the wheat kernels cut freehand with a razor 
were mounted in mineral oil in the cold stage. No freezing could be 
observed except in those endosperms which were saturated with water. 
Since the endosperm could not be used, the embryo was tried. One slice 
was cut from the tip of the embryo and discarded ; the next slice was used. 
These slices were cut freehand as thin as possible. Most of the sections used 
were in parts only one cell thick; probably they were between 10 and 20 
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Fig. 1. Comparative behavior in germination of a resistant and a non-resistant variety 
of wheat at different moisture contents, after subjection to low temperatures (- 20° to 
- 25° C.) for 5 hours. 


microns thick. No attempt was made here to find the temperature at 
which the seeds of different water contents froze. The purpose was to deter- 
mine as quickly as possible whether seeds within certain water-content 
ranges would freeze or would not freeze. None of the seeds which contained 
24 per cent, or less water would freeze even at temperatures down to - 25° C. 
In the intermediate group (water content 27 to 28 per cent.) ice was observed 
in about half the sections but in the upper range (30 to 31 per cent.) all the 
sections examined showed ice formation. In some of the sections with 27 
to 28 per cent, water, in which no ice was formed, apparently some ice forma- 
tion took place in the intercellular spaces, but it was very difficult to distin- 
guish between air and water in the intercellular spaces ; it cannot be stated 
positively, therefore, whether or not freezing did occur in the intercellular 
spaces and not in the cells. When the temperature was lowered the cell 
contents became darker, perhaps because of some colloidal change or of a 
difference in the refractive index of the water at the low temperature. This 
darkening occurred regardless of ice formation. Finally, when the tem- 
perature became still lower, ice crystals appeared and the sections became 
opaque. The same precautions were taken to prevent excessive under cool- 
ing as were used with the other materials. To shorten the time for these 
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determinations, this freezing was done at temperatures lower than was 
necessary for ice formation. It was not as important to find the exact 
temperature at which ice was formed as it was to determine as rapidly as 
possible whether or not the embryos would show ice formation at any tem- 
perature. The results of the germination tests are shown on the graph. 
There was a correlation between the water content of the seeds, ice forma- 
tion as observed in sections of the embryo, and their resistance to freezing. 
This relation between water content and resistance to freezing is in agree- 
ment with the findings of Whitcomb and Sharp (25) for wheat, and of 
Kiesselbach and Katcliff (12) for corn. 

Ice formation in hardened and non-hardened wheat leaves 

Plants of Minhardi wheat were grown in pots until they were about 6 
inches high. Some of the pots were then placed in a refrigerator at 8° C. 
every night for ten nights and kept in the greenhouse during the day, while 
other pots remained in the greenhouse continuously. As far as possible, 
the soil moisture was kept the same for both sets of pots. Rosa found that 
cabbage plants exposed to sunlight and rather high temperatures during the 
day, and to temperatures close to freezing at night became hardened easily. 
The wheat plants hardened in this way were darker green, had thicker 
leaves, and were smaller than the actively growing plants. On one occa- 
sion, two pots containing 100 plants each, one set hardened and the other 
non-hardened, were left outside all night when the temperature reached 
- 19° C. The hardened plants were not injured, while the non-hardened 
plants were so injured that only the roots survived. These plants subse- 
quently produced more leaves when they were returned to the greenhouse. 
Neither the old nor the youngest leaves on the hardened plants were in- 
jured. When examined on the freezing microscope, the leaves from the 
non-hardened plants showed ice formation within the cells at - 10° to - 12° 
C., while the hardened leaves showed it first at -25° to -27 9 C. The cells 
were all killed when ice was formed, whether hardened or not. The hardi- 
ness was lost in three or four days if the plants were not placed in the re- 
frigerator at night. When the pots were left in the greenhouse for three 
days, there was almost no difference in the temperature at which ice was 
formed in the leaves of previously hardened and non-hardened plants. 

Discussion 

Three hypotheses commmonly offered to explain the death of plants 
exposed to low temperatures are that this injury is due to drying, to a 
chemical agency, or to mechanical forces. 

The chemical idea was first suggested by Muller-Thurgau (18, 19) and 
strongly supported by Molisch (17) and Gorke (8), the theory being that 
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death resulted from some chemical action on the protoplasm effected by the 
removal of water from the protoplasm when ice is formed in the intercellular 
spaces. Molisch supposed the injury was caused by a toxic concentration 
of the cell sap, the increase in concentration being brought about by the 
dehydration. According to Gorke, the disintegration was thought to be 
caused by the precipitation of protective substances from the sap at their 
eutectic points leaving toxic materials to injure the protoplasm. 

Molisch found that when filaments of Spirogyra were exposed to low 
temperatures, a crust of ice was formed around each of them. He believed 
that the water from which this ice was formed came from the interior of the 
cells, dehydrating them until the concentration of certain substances in the 
cell sap became so great as to injure the protoplasm. He could see no ice 
formed inside the cells and concluded, therefore, that death was caused 
entirely by this dehydrating effect. Our results with the Sedum cells have 
indicated that if a thin aqueous film is present around the cells, this layer 
of water is converted into ice when the freezing point is reached, and the 
behavior of the protoplast cannot easily be followed. Undoubtedly such a 
film was present around the algal filaments. This might explain why 
Molisch observed that the cells were dead after they had been thawed, even 
though he could see no ice inside them. Wiegand (26) clearly demonstrated 
the presence of ice within the intercellular spaces of dormant buds, but these 
buds survived even though the cells adjacent to the ice were so dehydrated 
that the cell walls were compressed. According to the chemical theory the 
cells should have been killed by the high concentration of the cell sap. 
Several investigators have offered rather conclusive evidence that death on 
freezing is not caused by toxicity resulting from dehydration, and therefore 
increased concentration, of cell contents. 

Maximov (15), Iljin (9), Levitt and Scarth (13, II) and Chandler and 
Hildreth (6) support the theory that death at low temperatures is the result 
of mechanical injury either from ice crystals or from strong dehydration, 
rather than of chemical injury. Iljin ’s suggestion that sometimes the kill- 
ing is caused by the crushing of the protoplasm between the ice formed in 
the intercellular spaces and that formed in the vacuole is subject to serious 
criticism. He states that the concentration of the cell sap is less than that 
of the protoplasm and, therefore, ice must first be formed within the vacuole. 
Levitt and Scarth (13, I) seem to agree with this. They say: “When ice 
forms inside the cell, its site is the vacuole, not the protoplasm/ 7 In a 
later paper Scarth and Levitt (23) reiterate that intracellular ice forma- 
tion, when it occurs, is confined to the sap vacuole. In their earlier paper 
they refer to Chambers and Hale (3) as supporting this, but the latter, in 
describing the freezing in epidermal cells of the bulb scales of the red onion, 
cite cases and show photographs indicating ice in the cytoplasm external to 
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the tonoplast or vacuolar membrane when no ice was visible in the vacuole. 
In their summary Chambers and Hale say: “The ice sometimes broke the 
outer membrane of the protoplast but the vacuole or tonoplast remains intact, 
in which case the tonoplast deplasmolyzes on thawing. Ice was not definitely 
seen to form within the vacuole but the general impression was obtained that 
it did so form in some cases. ’ 7 

Theoretical considerations indicate that ice formation would occur most 
readily outside the wall, followed in order by ice formation outside the outer 
protoplasmic membrane, then within the cytoplasm, and lastly within the 
vacuole. The osmotic concentration of the vacuole cannot be less but must 
be equal to or greater than that of the surrounding cytoplasm, for otherwise 
water would move to the outer, stronger solution. If the vacuolar mem- 
brane exerts any pressure whatever on the contained sap— and the surface 
tension alone of the membrane must be responsible for some pressure on the 
contents — this sap must be more concentrated than the bathing solution. 
If the vacuolar sap were less concentrated than that in the cytoplasm and 
froze at a higher temperature, it would be comparable to having a cell re- 
maining turgid in a hypertonic solution and freezing at a higher tempera- 
ture than the bathing solution. This situation could not obtain with a mem- 
brane permeable to water as the vacuolar membrane must be. Of course, 
although the vacuolar sap has a higher concentration and would therefore 
have a lower freezing point than the cytoplasm, the amount of freezing point 
lowering must be slight and this alone would not be important in preventing 
freezing. The combination of a membrane which would interfere with ice 
inoculation, together with this lower freezing point, may be responsible for 
ice formation in the cytoplasm first. Furthermore, since ice inoculation is 
likely to take place from the outside, this would favor ice formation in the 
cytoplasm before that in the vacuole even if they were at the same concen- 
tration. Schander and Schaffnit (24) describe ice formation as a thin 
layer just inside of the cell wall and between the protoplasm and the wall. 
The observations here reported, as well as those of Schander and Schaffnit, 
and of Chambers and Hale (3), together with the theoretical considerations 
all indicate that ice formation takes place in the cytoplasm or between the 
cytoplasm and the wall before it does in the vacuole. 

Scarth and Levitt (23) state that “Since at equilibrium Auction ten- 
sion, 7 and therefore the freezing point, must be the same in every part of a 
cell — vacuole, protoplasm, the cell wall — the osmotic value of the cells mea- 
sured plasmolytieally tells us the freezing point of the whole tissue. 7 7 It is 
true that the suction tension of the cell as a whole and its wall are in equi- 
librium so that the freezing point at the surface of the cell is determined by 
the suction tension of the cell. That is, if cell a has zero suction tension, as 
it would have in distilled water, while cell l has a suction tension equivalent 
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to 0.5 M, ice would form at or in the wall of a at the freezing point of dis- 
tilled water, while at the surface of cell b it would form only at or below the 
temperature necessary to freeze a 0.5 M solution, but in both cases the freez- 
ing point of the parts within the outer membrane may he very different and 
will be independent of the suction tension of the cell. For example, the 
suction tension of the nucleus, the vacuole, or a plastid will be determined 
not by the suction tension of the cell but by the osmotic concentration of 
their own immediate bathing media with which they are in equilibrium. As 
explained above if the vacuolar or plastid membranes exert any pressure on 
their contents, their osmotic concentrations must be higher and their freez- 
ing points lower than the cytoplasm within which they lie. Different parts 
may therefore have different freezing points and the osmotic concentration 
of the vacuole does not give an exact measure of the freezing point of the 
cytoplasm. 

The low resistance to freezing observed by Iljin (10) when the inter- 
cellular spaces of leaves are filled with water, as compared with normal tur- 
gid leaves or wilted leaves, presents a problem which would rarely occur 
under natural conditions. This free water would greatly favor ice forma- 
tion in the cell. In those experiments in which Iljin observed a protective 
action of sucrose or CaCl 2 when frozen tissues were thawed in the solutions, 
there is no proof that ice was formed within the cells and possibly in some 
cases not even in the intercellular spaces. He suggests that in most cases 
death occurs, not when ice formation takes place in the tissues but when the 
ice melts. The cells would, of course, be dehydrated by the formation of 
ice in the intercellular spaces. He suggests that when thawing occurs the 
walls and protoplast rapidly imbibe water and this rapid dilation or 
unequal swelling of different parts tears the protoplasm, thus resulting in 
death. If, on the other hand, this rapid or unequal swelling can be reduced 
by thawing in strong sugar solutions or those of CaCl 2 or similar salts of 
di- or trivalent cations which prevent rapid water absorption, killing is pre- 
vented ; or the number of cells remaining alive is increased. ^ 

Two alternative explanations, however, may be offered. Possibly at the 
lower freezing temperature all of the cells were killed, but the strong salt or 
sugar solutions prevented complete deplasmolysis, and the cells therefore 
merely appeared alive. In the experiments with red cabbage here reported, 
frozen cells appeared alive if thawed in strong sugar solutions but on trans- 
ference to dilute solutions or water they were found to be dead, whereas 
tissues which had not been killed by freezing retained their contents when 
placed in distilled water or dilute solutions. Another alternative is that, on 
slow freezing, ice had not formed in the cells but between them. Thawing 
in water or air may have supplied free water which "would be available for 
ice formation in the cells which were under cooled or were at a temperature 
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low enough to form ice in the cell when water became available either from 
the melting intercellular ice or from the applied water or dilute solution. 
Iljin gives no evidence that ice ever formed in cells that survived. In our 
own experiments killing occurred invariably when ice formed in the cells 
and, so far as was determined, only then. 

Evidence from many sources, notably akerman (1), Iljin (11), and 
Chandler and Hildreth (6), has demonstrated that a high osmotic con- 
centration in cells increases their resistance to freezing. That the presence 
of solutes lowers the freezing point of the cell is obvious but it is not so 
obvious why there is often no direct relation between the increase in concen- 
tration and increased resistance. The failure to observe a direct relation 
between osmotic concentration and resistance to freezing is probably chiefly 
attributable to the fact that differences in rates of chilling, in permeability 
of the cell membrane to water, or differences in ratio of surface to volume 
of cell, and differences in amount of undercooling in part due to differences 
in readiness of ice inoculation across the outer membrane, may largely deter- 
mine whether ice does or does not form in the cells. For example, a slow 
lowering of the temperature, high permeability to water, large surface rela- 
tive to volume, and interference of the membrane to ice inoculation will 
greatly favor ice formation outside of the cells, thus bringing about a gradual 
increase in osmotic concentration inside the cell, with perhaps complete fail- 
ure to form ice within the cells at the temperature to which the cells have 
been subjected. If the surface membrane interferes with inoculation across 
it, the fact that the ice outside the cell will have a lower vapor pressure than 
the undercooled solution inside may further favor outward movement of 
water, an increased osmotic concentration in the cell, and a lessened likeli- 
hood of intracellular ice formation. These several factors may explain the 
fact that a slight increase in osmotic concentration may be associated with 
greatly increased frost resistance. 

Some investigators hold the opinion that hydrophilic colloids play a more 
important part than true solutes in increasing cold resistance, and suggest 
that these colloids by binding water prevent its loss from the cell and thus 
prevent killing by desiccation. Rosa (22) and Newton (20, 21) have con- 
sistently found increased bound water in hardened plants and suggest that 
the increase in bound water is responsible for the increased cold resistance. 
Many seem to think that the retention of water within the cell by the colloids 
is in itself significant. It is hard to imagine, however, that such bound 
water is any more available to the cell than if it were not there at all. The 
colloidal material itself, on the other hand, may serve as a protective colloid, 
perhaps preventing precipitation by its peptizing action • or better still, by 
reducing the free water and increasing the osmotic concentration would thus 
reduce the likelihood of ice formation. 
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Chrysler (7) found that in kelp stems the total amount of bound water 
increased as the amount of free water increased. If this holds for most plant 
materials tending to bind water (and there is a fair amount of evidence that 
it does), one would expect soaked seeds to contain more bound water than 
dry seeds, but the higher the water content of the seeds at the time of freez- 
ing the less is their resistance. With an increase in free water, on the other 
hand, even though there is an accompanying increase in bound water, there 
is an increased probability of ice formation and also a decreased resistance. 
This strongly points to lack of ice formation, not increased bound water, as 
responsible for resistance and that ice formation, not desiccation, is respon- 
sible for the injury. Meyer (16) actually found more bound water as well 
as more free water per gram of dry matter in the leaves of Pinus rigida in 
the summer, when the needles were not cold resistant, than in the winter 
when they were cold resistant. 

Our experiments with hardened and non-hardened wheat leaves showed 
that free water was available for ice formation in the non-hardened leaves 
at - 10° to - 12° C. and they were killed at this temperature, but no ice could 
be observed in the section of hardened leaves until the temperature was 
lowered to -25° to -27° C. The resistance of dry wheat seed to ice forma- 
tion and to killing, while those with more water formed ice and were killed, 
is further evidence that killing is not caused by desiccation or absorption of 
water after desiccation but to ice formation in the cells. 

Chandler and Hildreth (6) coated pollen of peach and Amaryllis with 
castor oil or cotton-seed oil, placed it on ice at - 15° to - 17° C., and water at 
0° C. was slowly dropped on the pollen so that it froze as fast as it was 
added. If the oil was added to the dry pollen as it came from the anthers 
the freezing caused no injury, but if the pollen was first moistened no pro- 
tective effect was noted. This is in agreement with our findings with dry 
and moistened seeds. It would seem that the oil had prevented absorption 
of water by the dry pollen and therefore no ice formed in the cells ; but the 
moistened pollen had enough free water to allow for internal ice formation, 
and therefore killing, at the temperature used. The protective effect of the 
sugar solution is similar to that observed by Akerman and others, and is 
probably caused by an osmotic withdrawal of water and thus by prevention 
of ice formation within the cells. 

From the observations here reported and the experiments of other work- 
ers the balance of evidence seems strongly in favor of the theory that death 
of plant tissues at freezing temperatures is brought about by mechanical 
injury due to ice formation within the cell. Anything that will decrease the 
amount of free water present will increase resistance to these low tempera- 
tures since ice is less likely to form within the cells. We have in no case 
found any cells to remain alive after ice once formed within them. 
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Schander and Schaffnit (24) and Akerman (1), however, cite cases in 
which they observed cells occasionally to remain alive after a small amount 
of ice was formed within them. By avoiding undercooling and cautiously 
lowering the temperature Schander and Schaffnit observed a thin layer 
of ice to form on the inner side of the cell wall at about - 5° C. If the tissue 
was then thawed the cells seemed alive as tested by plasmolysis with glycerine. 
If the temperature was further lowered the layer of ice grew thicker and the 
cells were killed, akerman found that epidermal cells of red cabbage would 
withstand a small amount of internal ice formation without killing at - 5.2° 
0., but further lowering to - 7° or - 8° C. resulted in death. He found that 
any ice formation in cells of Bkoeo resulted in death. These cases of intra- 
cellular ice formation without killing were exceptional. They seem to 
demonstrate that ice can form in cells without killing but it is also conceiv- 
able that the ice formed between the wall and the cytoplasm, or that the 
injury was so slight that only the outer layer of cytoplasm was injured and 
that the tonoplast or vacuolar membrane was still intact and was responsible 
for the osmotic responses. Chambers and Hale (3) observed ice formation 
in and disintegration of the cytoplasm and nucleus without destruction of 
the tonoplast membrane. It seems then that ice formation within the cyto- 
plasm is almost certain to result in death and perhaps always so. Many 
claim that ice formation outside of the cell is usually responsible for the kill- 
ing by freezing because of its dehydrating effect, but although one would 
expect such dehydration we know of no conclusive evidence that ice forma- 
tion outside of the cell alone ever causes killing. 

The observations of Levitt and Scarth (13, II) that cells hardened 
against freezing are much more permeable to water, strongly support the in- 
terpretation here given. As the temperature of the hardened cells is lowered 
the water would readily move through the surface membrane and form ice 
outside of the cell and therefore cause no injury. For the non-hardened 
cells free water would move out much more slowly and ice formation would 
be more likely to occur within the cell and result in its death. The condi- 
tions that reduce the likelihood of ice formation within the cell all seem to 
favor resistance to freezing. These are low amounts of free water within the 
cell, high osmotic concentration, high permeability of the membranes to 
water, small size of cell (high surface relative to volume), slow rate of tem- 
perature fall, and a membrane that favors undercooling by preventing inocu- 
lation across it. 

Summary 

1. A technique is described for direct microscopical observation of the 
freezing of living cells. When water or sap is present on the outer surface 
of cells the formation of an ice layer outside of the cells obscures what is 
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happening in the cells. Freezing in cells without this water film was 
observed when mounted in paraffin oil. 

2. As the temperature of the cells of stamen hairs of Zebrina pendula 
was lowered, streaming became slower and finally ceased. Occasionally 
Brownian movement was visible for a few seconds after streaming stopped. 
Then ice formation took place at about - 7° C., appearing first in the basal 
cells and advancing across the field to the tip. Ice crystals were uniformly 
granular. 

3. In the prothallia of Polypodium aureum granular crystals were usu- 
ally produced, but occasionally needle like crystals were formed. Freezing 
occurred either cell by cell, or a wave of crystallization swept across the field. 
Insofar as could be determined the order of freezing agrees with the theo- 
retical considerations; ice was formed first in the cytoplasm, then in the 
vacuole, and lastly in the plastids. The behavior of the nucleus could not be 
determined. 

4. On thawing, the surface membrane was found to have lost its semi- 
permeable character, allowing droplets of cell sap to collect in the mounting 
medium; the cytoplasm became granular and disintegrated; the nucleus 
assumed a glassy appearance. 

5. Curves giving data on germination show that seeds of both the wheat 
varieties, Minhardi and Leap, were more resistant to freezing temperatures 
when the water content was low. Microscopic freezing tests of sections from 
the embryos of seeds containing varying amounts of water showed ice for- 
mation in seeds with high water and poor germination, and lack of ice in 
those with low water and good germination. 

6. Leaves from plants of Minhardi wheat which had not been hardened 
showed ice formation at -10° to -12° C., whereas hardened leaves resisted 
ice formation down to -25° C. Death always resulted if ice was formed in 
the cells. 

7. Sucrose solutions did not protect strips of red cabbage epidermis from 
the injurious action of ice within the protoplast. If the cells were somewhat 
plasmolyzed by the solution before freezing began, a lower temperature was 
required for ice formation. 

8. The evidence here presented and the observations of other workers 
strongly suggest that the death of plant tissues at freezing temperatures is 
caused by mechanical injury resulting from ice formation within the cells. 
Anything which will decrease the amount of free water within the cell at the 
time of freezing is likely to decrease the possibilities of ice formation within 
the cytoplasm and thus increase the resistance of the cell to freezing tem- 
peratures. 

Cornell University 
Ithaca, New York 
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TEMPERATURE EFFECTS UPON THE GROWTH OF 
EXCISED ROOT TIPS 

Gladys C. Galligas 
(with one figure) 

Introduction 

Little work has been reported on the effect of different temperatures 
upon the growth of excised root tips in sterile nutrient solutions. White 
(6) working with root tips of wheat found the optimum temperature for 
their growth to be between 26° and 27° C. This investigation was under- 
taken to determine the effect of different temperatures upon the growth be- 
havior of excised root tips of dent corn, cotton, sunflower, and Burpee’s 
Extra Early pea. 

Materials and methods 

Uniform lengths of 10 mm. were used throughout all series. Root tips 
of the varieties just mentioned, when ready for the experiment, were placed 
in five thermostats, maintained at temperatures of 10, 15, 20, 25 and 30° C. 
respectively, where they remained for a period of fourteen days. Five indi- 
viduals for each temperature were used in each of five separate replicate 
series. Due to losses from contamination, data are reported for only twenty 
individuals at each temperature. Daily increments of growth were mea- 
sured until the root tips passed the measurable stage, which occurred as 
early as the sixth day in sunflower at 20° C. 

The procedure used to secure sterile root tips has been outlined in previ- 
ous papers (1, 2). The nutrient solution was a modification of Pfeffer’s 
formula to which dextrose and peptone were added. 1 Immediately after be- 
ing made, the solution was measured into the flasks, which were closed with 
cotton plugs and autoclaved at 15 pounds pressure for 20 minutes. 

Discussion 

The results, presented in condensed form in tables I, II, III, IV, and V, 
demonstrate clearly the irregularity of growth even at uniform tempera- 
tures, and prove conclusively that the range in room temperature in previous 
studies (1, 2) cannot be employed to account for the irregular growth 
obtained. 


1 Ca(No 3 ) 2 

2.0 gm. 

KCL 

0.25 gm. 

Dextrose 

2.0 per cent. 

kh 2 po 4 

0.5 gm. 

MoSO< 

0.5 gm. 

Peptone 

0.04 per cent. 

KNO s 

0.5 gm. 

PeCl 3 

0.005 gm. 

Distilled HoO 

6000 cc. 
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TABLE I 

Sample series of five individuals each of sunflower, cotton, corn, and pea showing 

DAILY INCREMENTS IN MILLIMETERS OF LENGTH OF EACH INDIVIDUAL 
FOR FOURTEEN DAYS AT 10° C. 

Sunflower 

1 04150521210011 

2 0 5 2 5 1 3 1 0 1 0 0 1 1 0 

3 31155021201100 

4 24428220010102 

5 34158020210101 

Cotton 

11 0 0 1 2 0 1 1 10 0 2 0 1 

2 0 1 0 0 1 1 0 0 0 0 0 0 0 0 

3 1 0 0 1 0 0 0 0 0 0 0 0 0 0 

4 1 1 0 1 0 0 0 1 0 0 0 0 0 0 

5 0 0 1 0 1 0 1 0 0 0 0 1 0 0 

Corn 

1 22333112100100 

2 24352424422123 

3 0 4 4 5 2 3 5 2 1 2 1 0 0 0 

4 21124203232122 

5 23421122110123 

Burpee’s Extra Early pea 

1 2011307 2 330147 

2 10121232120333 

3 1 0 1 1 3 5 2 2 3 3 2 0 3 2 

4 1 1 1 1 1 0 0 0 1 1 1 0 1 0 

5 10113220130132 

# 

The root tips kept at 10° behaved similarly in some respects and quite 
dissimilarly in others. In no case was there an indication of laterals in sun- 
flower, cotton, or pea, and only an occasional short lateral in corn. Charac- 
teristic papillae like those described previously ( 1 , 2 ) developed on the sun- 
flower root tips, but no laterals ever pushed through, them. These papillae- 
like elevations were formed by secondary roots pushing outward against 
the epidermis. The proximal ends of the pea roots frequently became 
brownish red toward the end of the experiment; the same region of the 
cotton roots was often slightly blackened; anthocyanin developed to a con- 
siderable extent in corn; and sunflower roots retained their natural trans- 
lucent appearance throughout the experimental period. On the whole, none 
of the roots were pigmented to any great degree at 10° C. It is of interest 
to note that an individual root tip of pea attained the greatest length of any 
root tip grown at 10° C., and that the root tips of pea were exceeded only 
by the root tips of corn in average total length and in dry weight at the end 
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of the fourteen-day period. These data indicate that the root tips of pea 
were more able to maintain growth activities under the given conditions 
than were those of cotton and sunflower. The increase in diameter of roots 
of corn and pea grown at 10° C. was markedly greater than that of the same 
species grown at 20° C., but less than when grown at 15, 25, and 35° C. The 
thickening was due to enlargement and proliferation of parenchyma cells 
of the cortex. 

At 15° C. the root tips of pea did not branch; cotton and sunflower pro- 
duced short laterals ; and about ten per cent, of the individual root tips of 
com produced twenty-five to forty laterals. Sunflower roots developed 
papillae, through some of which laterals made their way. The development 
of anthocyanin in corn was equal to that developed at 10° C. ; the pea roots 
became pigmented at their proximal ends; cotton was somewhat more 
blackened than at 10° C. ; and sunflower displayed no pigmentation. Corn 
root tips surpassed all others in total average length, in average number of 

TABLE II 

Sample series of five individuals each of sunflower, cotton, corn, and pea showing 

DAILY INCREMENTS IN MILLIMETERS OF LENGTH OF EACH INDIVIDUAL 
FOR FOURTEEN DAYS AT 15° C. 


1 

2 

3 

4 

5 



1 

2 

3 

4 


1 

2 

3 

4 

5 


4 

2 

0 

2 

2 

3 

1 

2 

1 

3 

3 
2 

4 
3 
2 

2 

3 

2 

0 

0 


2 2 2 2 1 

2 3 3 2 3 

2 10 10 
2 2 2 2 2 

1 3 3 2 2 


0 0 3 2 0 

2 112 0 

113 2 2 

12 0 1 2 

0 2 3 2 2 

2 3 4 5 2 

1 2 0 8 2 

4 5 4 2 2 

4 3 2 1 7 

3 4 3 2 4 

Burpee 9 

2 2 2 0 0 

114 0 1 

12 111 
1110 0 
0 11 1 1 


Sunflower 

10 10 1 

2 3 2 1 2 

10 0 11 

13 0 12 

2 2 112 

Cotton 

2 1111 
12 2 11 

2 0 10 2 
0 0 2 1 2 

1 1 2 2 0 

Corn 

3 3 2 3 2 

4 4 5 8 2 

2 2 2 1 3 

3 4 6 5 2 

3 5 3 5 4 

s Extra Early pea 

0 0 111 

1 0 0 0 1 

0 0 0 0 1 

1 0 0 0 1 

2 10 0 1 


2 

2 

0 

0 

3 

1 

0 

2 

2 

2 

1 

1 

2 

2 

2 

0 

2 

1 

0 

1 


2 

3 

1 

3 

0 

0 

2 

3 

1 

2 

2 

3 

2 

3 

3 

1 

1 

1 

0 

1 


1 

2 

1 

2 

1 

1 

1 

1 

0 

1 

3 
2 
2 
2 

4 

2 

0 

0 

1 

1 
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TABLE III 

Sample series of five individuals each of sunflower, cotton, corn, and pea showing 

DAILY INCREMENTS IN MILLIMETERS OF LENGTH OF EACH INDIVIDUAL 
FOR FOURTEEN DAYS AT 20° C. 


1 

2 

3 

4 

5 

1 

2 

3 

4 

5 

1 

2 

3 

4 

5 

1 

2 

3 

4 

5 


11 12 14 

5 10 8 

5 5 1 

4 6 3 

5 4 6 


4 16 

3 12 

4 2 5 

0 2 1 

3 2 4 


112 
1 5 4 

4 5 4 

3 4 4 

4 3 3 


2 3 3 

3 11 
3 0 1 
2 10 
2 2 1 


8 

7 

1 

4 

3 

7 

4 
1 
2 
1 

6 

4 

5 

4 

5 

0 

0 

5 

0 

1 


Sunflower 

8 9 

9 9 

4 5 

5 4 

5 4 

Cotton 
7 6 5 7 

3 3 2 2 1 

112 5 4 

2 3 4 1 0 

2 2 2 3 3 

Corn 

6 7 5 5 6 

12 7 5 4 6 

1 1 2 7 5 

6 6 5 4 3 

7 6 4 3 3 

Burpee ’s Extra Early pea 

2 0 1 0 0 

2 0 0 0 0 

10 10 0 

2 0 0 0 0 

0 0 0 1 0 


3 

1 

2 

1 


4 

4 

5 
5 

0 

1 

0 

0 

0 


1 

2 

2 

2 


1 

0 

0 

0 

1 


12 1 
1 2 1 
112 
2 1 2 


0 0 0 
0 10 
10 0 
2 0 1 
0 0 1 


branches, and in dry weight. Pea roots surpassed the roots of sunflower 
and cotton in dry weight, but surpassed cotton only in total length, and again 
as at 10° C. produced the longest single root tip. 

At 20° C. corn and sunflower showed most branching, cotton produced a 
few short laterals, and pea none. There were a few individuals among corn 
and sunflower roots that had no laterals. These sharp individual variations 
from general tendencies were possibly due to genetic differences. Most of 
the laterals branched again within the fourteen-day period. Many of the 
corn roots developed anthocyanin. Cotton showed more blackening than 
at lower temperatures, many of the roots becoming completely pigmented. 
In total average length, dry weight, and number of branches corn exceeded 
all the roots, followed in order by sunflower, cotton, and pea. 

At 25° C. corn and sunflower showed less branching than at 20° C., 
while cotton branched more. There was no pigmentation in corn, pea, and 
sunflower, but cotton became completely brown or black at the end of the 
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experimental period. The root tips of cotton excelled in average length of 
root and in average number of branches, while corn root tips were first in 
dry weight. This indicates that the protoplasm of the cotton roots was 
stimulated to excessive growth activity at this particular temperature with 
a resultant greater use of stored reserves in the older portion of the root. 

At 35° C. only a few individuals of corn produced lateral roots, which 
were never more than five in number and always short and thickened. Pea 
and cottton became pigmented, but there was no coloration in sunflower or 
corn. At this temperature all the corn roots became much thickened due 
to hypertrophy of the cortex, which in some instances split away from the 
central cylinder, a condition found in earlier work (1, 2). Cotton and pea 
elongated on the average during the two week period about half again the 
length of the original fragment of root, sunflower about twice the original 
length, and corn three times the original length. In dry weight sunflower, 

TABLE IV 

Sample series of five individuals each of sunflower, cotton, corn, and pea showing 

DAILY INCREMENTS IN MILLIMETERS OF LENGTH FOR EACH INDIVIDUAL 
FOR FOURTEEN DAYS AT 25° C. 









Sunflower 







1 

6 

5 

2 

3 

2 

1 

1 

0 

1 

2 

2 

2 

1 

2 

2 

3 

5 

2 

3 

6 

6 

5 

4 

3 

2 

2 

5 

3 

2 

3 

3 

4 

5 

6 

4 

4 

4 

0 

1 

3 

4 

3 

3 

4 

4 

6 

5 

4 

3 

3 

4 

3 

0 

2 

1 

2 

3 

4 

2 

5 

4 

3 

4 

2 

2 

4 

3 

3 

0 

3 

1 

2 

0 

2 








Cotton 







1 

3 

4 

4 

4 

10 

13 

12 








2 

1 

0 

4 

5 

8 

8 

9 

7 







3 

3 

2 

7 

8 

6 

6 

8 








4 

4 

2 

3 

4 

0 

1 

1 

5 

6 

5 

6 

4 

5 


5 

4 

5 

5 

4 

11 

14 

9 















Corn 







1 

2 

7 

7 

0 

6 

11 

2 

2 

3 

3 





2 

1 

4 

4 

7 

6 

8 

3 

3 

2 

2 

4 

3 

2 


3 

5 

4 

4 

10 

2 

5 

7 

6 

3 






4 

3 

5 

5 

8 

4 

5 

10 

4 

2 






5 

2 

9 

8 

4 

7 

12 

3 

2 

4 











Burpee 

J s Extra Early pea 






1 

1 

1 

1 

1 

0 

1 

0 

0 

0 

0 

0 

0 

1 

0 

2 

2 

1 

1 

0 

1 

0 

0 

0 

1 

0 

0 

1 

0 

0 

3 

2 

2 

1 

2 

1 

5 

0 

0 

0 

0 

0 

0 

0 

0 

4 

2 

1 

1 

1 

1 

0 

0 

1 

0 

0 

1 

0 

0 

0 

5 

1 

2 

1 

1 

1 

1 

0 

0 

0 

1 

0 

0 

0 

1 



840 


Plant Physiology 


TABLE Y 

Sample series of five individuals each of sunflower, cotton, corn, and pea showing 

DAILY INCREMENTS IN MILLIMETERS OF LENGTH FOR EACH INDIVIDUAL 
FOR A PERIOD OF FOURTEEN DAYS AT 35° C. 

Sunflower 

1 1 1 0 0 1 0 1 0 0 0 1 0 0 0 

2 11103011011010 

3 2 0 1 0 3 0 0 0 0 0 0 0 0 0 

4 2 0 1 0 0 1 0 0 1 0 0 1 0 1 

5 1 0 1 1 0 2 0 0 1 0 0 0 0 1 

Cotton 

1 3 1 1 0 1 0 0 0 0 1 1 0 0 0 

2 4 0 1 0 1 2 0 0 0 0 0 0 1 3 

3 4 1 0 1 0 0 0 0 0 0 0 1 0 0 

4 2 0 1 1 1 0 0 0 0 1 0 0 1 0 

5 31110000100011 

Corn 

1 12121111 0 0 0 1 0 0 

2 02411210001211 

3 2 2 3 1 0 1 3 0 1 1 0 0 1 1 

4 3 3 3 2 3 1 0 0 1 1 0 0 1 1 

5 2 2 1 2301 0 001111 

Burpee’s Extra Early pea 

1 0 11 0 0 0 0 0 0 0 0 0 0 0 

2 0 0 0 0 0000000000 

3 0 0 0 0 0 0 00000000 

4 1 0 1 1 0 0 0 1 0 0 0 0 0 0 

5 1 0 1 0 1 1 0 0 0 0 0 0 0 0 

cotton, and pea were approximately eqnal, while corn attained a dry weight 
of nine to ten times that of the other three. 

The behavior of the root tips of pea was unusually interesting. Average 
total length and average dry weight indicate that these roots perform best 
at a temperature of 10° C. At 15° C. they also performed better than at 
the higher temperatures, 20° and 25° C., but the dry weight at 15° C. was 
50 per cent, greater than it was at 20 and 25° C. Since the root tips used 
in this experiment grew better under the given conditions at 10° C., it can- 
not be said in general that 10° C. is the optimal temperature for the growth 
of pea roots. It is the optimal temperature for the prescribed conditions 
for a fourteen day period. It is possible that the lower temperature in- 
hibited the absorption of some constituent in the medium, which, when 
absorbed at higher temperatures exercised an inhibitory effect upon the 
growth activities of the root tips. On the other hand the better growth may 
have been caused by an internal response to the lower temperature. There 
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was little growth at 35° C. The roots exhibited marked increase in diameter 
at 10 and. 25° C. owing to enlargement of the cortical cells. No lateral roots 
developed at any temperature used. 

Root tips of corn gave their best performance at 20° C., which is 12° C. 
lower than the optimum temperature found by Lehenbauer (3) for the 
growth of young shoots of corn. Lehenbauer pointed out that the optimum 
temperature for growth under the conditions of his experiments shifted 
somewhat as the time factor was varied. 

Sunflower also behaved best at 20° C. At 10° and 25° C. no lateral roots 
appeared within the fourteen day period, but the characteristic papillae, 
which frequently appeared in sunflower, and from which laterals later pro- 
truded, occurred on many individuals at both temperatures, but they 
occurred in greater numbers on those at 10° C. than on those at 35° C. In 
no case did a moniliform root develop, which was probably due to the fact 
that the time period used was too short for such a phenomenon to occur. In 
many individuals at 35° C. the proximal ends of the root tips became unduly 
thickened owing to a proliferation of cortical parenchyma and to excessive 
enlargement of cells of the same tissue. It is of interest to note that in final 
average total length and in average dry weight the root tips at 10° C. 
slightly exceeded those at 15° C. This observation may possibly have some 
correlation with the behavior of colloidal substances in the protoplasm, 
which are known to manifest peculiar reactions in the neighborhood of 15° 
C., which differ from those occurring at higher and lower temperatures. 

Cotton showed optimal average total length and optimal average dry 
weight at 25° C. Compared with cotton roots grown at room temperature 
as long as growth would continue, the 25° cultures averaged more than 50 



Fig. 1 . Root tips maintained at constant temperatures for 14 days. Reading from 
left to right are four groups of root tips: cotton, corn, sunflower, and pea respectively. 
In each group the tips in the top row were maintained at 10° C., in the second row at 
15° C., in the third row at 20° C., in the fourth row at 25° C., and in the bottom row at 
35° C. 
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per cent, longer, and approximately 25 per cent, greater in dry weight. 
There was scarcely any growth in length at 10° and 35° C. An examination 
of the dry weight figures for these temperatures indicate that the root tips 
at 35° C. drew heavily upon the reserves in the older part of the root in 
order to remain alive. 

Figure 1 presents a few samples of each species of root tip from each 
temperature used, and shows at a glance general trends in the behavior of 
all the root tips used at the various temperatures. 

Summary 

1. The optimal temperature for excised pea roots was 10° C., for .sun- 
flower and corn 20° C., and for cotton 25° G. 

2. Few or no lateral roots developed at temperatures of 10° and 35° C. 

3. Temperatures of 25° and 35° C, inhibited the formation of antho- 
cyanin in corn. 

4. Temperatures of 10° and 15° C. retarded pigmentation in cotton. 

5. Marked distension in diameter occurred in roots of pea at 10° and 
25° C. and in corn and sunflower roots at 35° C. 

6. 35° C. was definitely beyond the range of optimal temperature for 
growth of root tips of corn, pea, sunflower, and cotton. 

James Millikin University 
Decatur, Illinois 
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CARBOHYDRATES OF BEAN PLANTS AFTER TREATMENT 
WITH INDOLE-3-ACETIC ACID 

Taylor E . Alexander 
(with seven figures) 

Introduction 

During recent years, a number of histological and morphological studies 
of the tumor-growth responses of bean plants to indole-3-acetic acid have 
been published (1, 4, 6). One investigation of etiolated bean plants indi- 
cated that indole-3-acetic acid (heteroauxin) affects the translocation of 
carbohydrate and nitrogenous material (7). The general stimulating effect 
of indole-3-acetic acid on the synthesis of solid matter by bean plants is 
known (6). Went and Thimann (10) state that in the Avena coleoptile 
there are deposited on the cell wall large amounts of cellulose, pectin, and 
hemieelluloses, but that there is no direct relationship between the amount 
of these substances and the amount of auxin applied. They state further 
that the action of auxin in these processes is indirect. 

Although one would expect the rates of respiration to differ between 
indoleacetic-acid treated and control plants, reports have not confirmed this 
assumption (7). 

The present investigation concerns some of the carbohydrate changes 
which are related to the structural and weight differences previously 
observed in plants treated after decapitation. 

Investigation 

Materials and treatment 

The plant used was the Dwarf Red Kidney bean, Phaseohts vulgaris , 
The seeds were selected for uniformity in size and in appearance. Two 
crops, of approximately 1,000 plants each, were grown, crop 1, Feb. 20 to 
Mar. 10, and crop 2, Feb. 22 to Mar. 12. The plants were grown in quartz 
sand in 5-inch clay pots. A more uniform population was obtained, and 
the shedding of the seed coats was facilitated, when the seeds were planted 
with the raphe facing downward, the seed inclined at an angle of 45°. 
After planting, the pots were watered with warm tap water. The temper- 
ature of the greenhouse fluctuated from 58° to 90°F. during the course of 
the experiment, but averaged about 75 °F. The relative humidity varied 
from 30 to 80 per cent., but was generally below 50 per cent. Crop 1 
germinated during very cloudy weather, while crop 2 came up under sun- 
shine of high light intensity. After Feb. 27, the sun was bright except 
for three days. 
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Six days after planting*, the plants had emerged through the surface of 
the sand. The plants were then culled, leaving a very uniform crop, and 
the pots w T ere -watered with warm nutrient solution (8). The nutrient 
treatment w r as repeated every fourth day, the sand being kept moist with 
tap water between the additions of nutrients. 

Ten days after planting, the plants were about nine inches high, and the 
second internode was one to two inches long. The crops were divided into 
three equal groups, of approximately 300 plants each — initial controls, final 
controls, and treated plants. The second internode was cut off 2 cm. above 
the point of divergence of the primary leaves. The initial control group 
was then harvested. The cut surface of the final control group was covered 
with 3 to 4 mm. 3 of lanolin. The third group was treated with the same 
amount of lanolin in which indole-3-aeetic acid had been thoroughly mixed. 
The two per cent, paste was made by melting 5 gm. of anhydrous lanolin, 
and vigorously stirring into it 100 mg. of indole-3-acetic acid (Merck). 
Following treatment, the treated and untreated plants were placed in al- 
ternate rows, so that an equal number of both were exposed to nearly the 
same enviromental factors. In all lots axillary shoots were removed as soon 
as they appeared as small buds. 

Seven days after treatment, the final controls and treated plants were 
harvested and divided into the following samples : upper stem end, lower 
stem end, primary leaves, stem, and roots (see fig. 1). The roots were 
freed of sand by dipping them momentarily into a saturated salt solution 
and then washing thoroughly with distilled water. The initial controls had 
been harvested in a like manner. 

Physical measurements 

Fresh weights of all samples were determined by use of a torsion bal- 
ance. The tissue was then placed in a well-ventilated drying oven, and 
dried to constant weight at 80°C. The oven-dried samples were placed in 
dry Mason jars, sealed, and allowed to cool. In this way moisture adsorp- 
tion was minimized, and later, dry weights were determined. A torsion 
balance, sensitive to 0.01 gm., was used for the large, and* an analytical bai- 
lor the small samples. 

Before the stem ends could be ground, the lanolin had to be removed. 
This was accomplished by a one-minute extraction with petrol ether. Al- 
pha-naphthol tests on the ether after extraction showed a very faint carbo- 
hydrate test. The ends were redried, and a new dry weight was taken 
from which to calculate the data. 

Chemical methods 

The small samples were ground by hand with mortar and pestle until 
the powder would pass an 80-mesh screen. The large samples were finely 
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ground in a coffee mill. Then a 5- to 10-gram portion was ground to 80- 
mesh fineness by the use of a ball mill. All samples were redried at 80 °C., 
and placed in a desiccator. 

The analyses were run on duplicate 1-gm. samples for crop 1 and single 
samples for crop 2. These were placed in weighed filter papers, and ex- 
tracted with hot 75 per cent, alcohol in Soxhlet extractors on a sand bath. 
Each extraction was checked for completeness by the alpha-naphthol test. 
At the end of the first hour the alcohol in the receiving flasks was replaced 
by a fresh quantity to prevent overheating of the sugars, as suggested by 
Loomis and Shull (5). 

The alcohol-soluble sugar extract was prepared and analyzed by the 
ceric sulphate method of Hassid (2, 3), using Setopaline C as the indicator. 
Sucrose was also determined by this method, after using invertase for 
inversion. 

After the sugar extraction, the net residue was weighed. The sample 
was then ground to 100-mesh fineness, redried, and an aliquot was weighed 
out for the determination of polysaccharides. Starch and dextrin, water- 
soluble acid-hydrolyzable, and insoluble acid-hydrolyzable substances were 
hydrolyzed and calculated according to the procedure of Loomis and Shull. 
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Saliva was used for the starch and dextrin hydrolyses, and 1 + 20 HC1 was 
used for the other tw T o hydrolyses. The above-mentioned carbohydrate 
fractions w T ere determined as reducing sugars on the cleared and neutral- 
ized extracts by the ceric sulphate method. 

The solution containing the acid-hydrolyzable substances showed con- 
siderable color, and determinations made upon duplicate colored samples 
did not check with sufficient accuracy. The samples were, therefore, decol- 
orized by treating a 25-cc. aliquot of the neutralized solution w T ith 0.3 gm. 




of charcoal for 15 minutes, after which it was filtered with suction. The 
sample was then brought up to a 100-cc. volume, and aliquots of this cleared 
solution were used for the titrations. With this modification, duplicate 
determinations checked very closely. 

Results and discussion 
Morphological observations 

The response of the plants to the heteroauxin treatment was identical 
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were produced, the former shown in figure 2. The final control plants pro- 
duced a large number of small calluses at the cut surface. 

■Weight differences 

Examination of table I shows that the upper stem end responded to the 
indoleacetic acid treatment by an increase of approximately five times as 
much dry weight as the final control. The entire stem end, both upper and 
lower portions, shows about a 300 per cent, gain (see figs. 4 and 5). The 
treated stem ends of crop 2 gained more than those of crop 1. 



Initial Control Final Control Treated 

Entire Stem End Crop 1 

Eig. 4. Comparison of dry weight and chemical composition (data based on grams 
per 100 plants). 
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Entire Stem End Crop 2 

Fig. 5. Comparison of dry weight and chemical composition (data based on grams 
per 100 plants). 

With regard to the entire plant, the total weight of the final controls is 
heavier in both crops (figs. 6 and 7). There is a greater difference between 
the dry weight of the final control and treated plants in crop 2 than in 
crop 1. The primary leaves account for most of the differences in total dry 
weight, but it is not a matter of increase in leaf area following heteroauxin 
application (6). 
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TABLE I 

Dry weights (figures represent grams of dry weight per 100 plants) 


Region 

Initial 

CONTROL 

| Final 

1 CONTROL 

Treated 

Crop 1 



Upper stem end 
Lower stem end 
Primary leaves . 

Stem 

Roots 

Total 


Crop 2 


Upper stem end 

0.17 

0.42 

2.28 

Lower stem end 

0.44 

1.00 

1.64 

Primary leaves 

18.17 

45.83 

39.18 

Stem 

8.64 

19.22 

17.68 

Roots 

6.92 

13.43 

12.79 

Total 

34.34 

79.90 

73.57 


0.16 0.40 1.87 

0.39 0.86 1.44 

20.22 40.60 35.92 

10.93 19.00 18.17 

7.21 12.00 11.61 

38.91 72.86 69.01 



Initial Control Final Control Treated 


Entire Plant Crop 1 

Fig. 6. Comparison of dry weight and chemical composition (data based on grams 

not* TAD rGcmfcA 
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Entire Plant Crop 2 

Fig. 7. Comparison of dry weight and chemical composition (data based on grains 
per 100 plants). 

The increase in weight seems to indicate several things. First, small 
changes in the environment cause quantitative differences in the response 
to indoleacetic acid treatment. As indicated before, crop 1 was grown 
under lower light intensity than crop 2, especially during the early stages 
of development; and, therefore, crop 1 was etiolated in appearance as com- 
pared to crop 2. The effect is evidenced in the amount of dry matter syn- 
thesized both in the entire plant and in the stem end. Second, the decrease 
in dry weight of the primary leaves, steins, and roots of the treated plants 
indicates a movement of material to the region where heteroauxin had been 
applied (6). Third, the loss in weight of these parts is greater than the 
gain made by the stem ends, so it seems highly probable that a part of the 
translocated substances was respired in the very active tissues of the tumor. 
Fourth, crops 1 and 2 have a 5.3 and 7.9 per cent, difference in weight, 
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respectively, in favor of tlie final control plants ; the stem ends of crop 1 
are the lighter. In other words, the stem end of crop 2 gained 17.8 per 
cent, more than those of crop 1, and, at the same time, the primary leaves, 
stems, and roots of the treated plants of crop 2 lost 33 per cent, more than 
those of crop 1. The assumption that the treated plants were capable of 
and did synthesize at least as much dry matter as the final controls, and 
that there really was a loss in the treated plants, is based on the work of 
Mitchell and Hamner (6). They found that plants treated in a similar 
manner with two per cent, indoleacetic acid paste had gained, at the end of 
six days, in dry weight over the controls, if the axillary shoots were not 
removed. At the same time, a large tumor was formed. The additional 
leaf area evidently supplied enough material for the tumor growth and in 
addition the heteroauxin stimulated the photosynthetic process. Points 
three and four suggest to the writer that, under the conditions of the experi- 
ment, respiration is accelerated in the treated stem end to furnish energy 
for the excessive growth and translocation processes. 

Chemical composition 

Figures 4, 5, 6 and 7, and table II give the chemical composition of the 
various plant parts. The upper stem end shows, in general, smaller per- 
centages of the more complex fractions than the lower stem end. This indi- 
cates that there is another substance or substances present in large amount. 
These substances might be nitrogenous in nature, but belong most likely 
to the structural polysaccharides. The chemical nature of the entire stem 
end of the treated plants of both crops is very similar. The main difference 
is a greater percentage of water-soluble acid-hydrolyzable and insoluble 
acid-hydrolyzable material in crop 2. This may be associated with differ- 
ences in light intensity. The final control plants follow the same trend with 
respect to the last two groups of compounds mentioned ; in addition they are 
high in sucrose. 

The higher percentage of carbohydrates in the final controls of crop 2 
suggests that photosynthetic activity was favored by the more intense light. 
As compared to the treated stem ends, the metabolieally active carbohy- 
drates are higher instead of the insoluble acid-hydrolyzable materials. The 
difference in the reducing sugar and sucrose content of the initial controls 
of the two crops can be partially explained by the fact that crop 1 was 
harvested late in the afternoon, while crop 2 was harvested late at night 
when one would expect condensation to have taken place and respiratory 
losses to have occurred. Glucose is such a variable quantity that no great 
stress should be laid on its variation for interpretation of studies of this 
kind. 

The entire plants of both crops have a chemical composition that is com- 
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Chemical composition (data as percentage op dry weight per 100 plants) 
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parable. In the case of the more intense light conditions (crop 2), sucrose 
and starch of the primary leaves of the final controls tend to be transformed 
into insoluble acid-hydrolyzable substances. Leaves of the treated plants 
are higher in sucrose and insoluble acid-hydrolyzable substances instead of 
high in starch. 

In the case of higher light conditions (crop 2), starch and insoluble 
acid-hydrolyzable substances of the final control stems are higher, while 
sucrose is lower. The stems of the treated plants are higher in insoluble 
acid-hydrolyzable and water-soluble acid-hydrolyzable substances in place 
of the other fractions. 

The roots of the crops showed no significant differences in chemical com- 
position, except that in each case the acid-hydrolyzable fraction was higher 
in the treated plants as compared with the final controls. 

If the stimulating effect of the indoleacetic acid increases the photosyn- 
thetic activity of the leaves, then despite the increased translocation of 
sugar to the stem end, there is an accumulation of sucrose in the leaves of 
the treated plants as compared with the controls. The fact that the stim- 
ulus is absent from the control plants probably accounts for the conversion 
of soluble carbohydrates to starch and insoluble acid-hydrolyzable sub- 
stances. But in the stem of the treated plants all the carbohydrates are low 
except the insoluble acid-hydrolyzable materials. Thus, in the treated plants, 
it seems evident that there is translocation of carbyhydrates to the stem end. 

The water-soluble acid-hydrolyzable substances are thought to consist 
mainly of pectins and gums (5). The insoluble acid-hydrolyzable material 
is considered to be composed of pectic substances (9), insoluble pentosans, 
protopectins, galactans, polymers of uronic acid, and a portion of the cellu- 
lose (5). Assuming compounds of the above types to be present, indole-3- 
aeetie acid apparently produces a condition that causes soluble carbohy- 
drates to move to the region of application and there to be synthesized into 
the Higher polysaccharides. The previously-mentioned anatomical studies 
reported great meristematic activity, with lignin and secondary thickenings 
being laid down in the pith, phloem, endodermis, cambium, and other tis- 
sues. This chemical study agrees with those findings. 

A greater percentage of the dry weight is accounted for in the final con- 
trols than in the treated plants. This suggests further that cellulose is a 
likely component of the remainder of the residual dry weight in the case of 
the treated plants. 

Energy for growth is supplied through respiratory processes. Soluble 
sugars are low at the points of stimulated growth, and respiration as well as 
condensation may account for this fact. Examination of figures 4 and 5 
shows that in crop 2, for which seemingly more favorable growth conditions 
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prevailed and greater growth occurred, the soluble respirable sugars are 
lower than in crop 1. 

Summary 

1. The stem ends of bean plants were removed and treated with two 
per cent, indole-3-acetic acid in lanolin. Tumors and roots appeared at the 
point of treatment. 

2. Reducing sugars, sucrose, starch and dextrin, water-soluble acid- 
hydrolyzable substances, and insoluble acid-hydrolyzable materials were 
determined. 

3. Dry weight was greater in the final control plants than in the treated 
plants. 

4. There was a translocation of carbohydrates toward the point of treat- 
ment. The final controls differed from the treated in having a greater per- 
centage of starch. 

5. Stimulation by indole-3-acetic acid brought about conditions causing 
simple carbohydrates to be condensed to complex polysaccharides at the 
point of application. 

6. Losses in dry weight of the treated plants indicated respiratory in- 
creases. Reduction of soluble carbohydrates in the treated stem ends was 
caused by increases in acid-hydrolyzable substances, and probably also by 
respiration incident to stimulated metabolic activity of the tumor. 

The writer wishes to acknowledge his appreciation to Dr. J. W. Mitch- 
ell for suggesting this problem, and to Professors C. A. Shull and S. V. 
Eaton for encouragement and suggestions. 

The University of Chicago 
Chicago, Illinois 
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the MIRSKY-PAULING THEORY of the structure of 
NATIVE, DENATURED, AND COAGULATED PROTEINS, 

AND SOME THEORETICAL ASPECTS OF THE EVO- 
LUTION OF OXYGEN PROM THE IRRADIATED 
GREEN PLANT 1 

0 . L . Inman 

This paper calls attention to some possible relationships which may exist 
between the sensitization and denaturation of proteins and one phase of the 
mechanism of photosynthesis. 

Mirsky and Pauling (5) point out that the most significant change 
that occurs in denaturation of a native protein is the loss of certain highly 
specific properties. The specific property here considered in the case of the 
process of photosynthesis is the possible denaturation of a protein which 
brings about the inhibition of the evolution of oxygen from the green plant 
when irradiated. 

It has been shown by Inman (3) that coagulation of the triturate of leaf 
tissue by pH, heat, calcium salts, dehydration, surface action, alcohol, etc., 
inhibits the evolution of oxygen. With pH held below 4.1 or above 8.1 for 
an hour at about 20° C., there was little indication of reversibility. The 
action of the combination of heat and dehydration is most interesting. If a 
whole leaf of Trifolium repens is dried in an oven at 30° C. for 48 hours, it 
may be powdered or used whole and allowed to absorb tap water, after which 
it will evolve oxygen upon irradiation. If, on the other hand, it is heated 
48 hours at 45° C., it will not upon being permitted to absorb tap water 
evolve oxygen with irradiation. If the leaf, dried slowly at 30° C., is heated 
to 60° C. for a short time while dry it will still evolve oxygen. When leaves 
are triturated while fresh and dried at 30° C. for 48 hours, they will no 
longer evolve oxygen. A few plants such as Nostoc will stand extended 
drying at room temperature and still evolve oxygen upon adding water and 
visible radiation. 

Freezing and thawing 57 times with carbon dioxide did not inactivate 
the leaf triturate of Trifolium repens. Immersion of the meal in liquid air 
for 30 minutes failed to inactivate it. In fact, the lower the temperature the 
slower the inhibition of the power to evolve oxygen. The lower alcohols are 
strong inhibiting agents. Studies of rates of inhibition and effects of sur- 
face as influenced by a variety of reagents indicate that the release of oxygen 
by the plant when irradiated is a chemical reaction, probably influenced by 
at least one enzyme. Mirsky points out that denaturation of a protein is a 

1 Contribution from the C. F. Kettering Foundation for the study of chlorophyll and’, 
photosynthesis. 


860 


PLANT PHYSIOLOGY 


definite chemical reaction and not a vague disintegration of the protein, 
since a structural change in the molecule takes place. The action of crude 
or crystalline trypsin as an inhibitor for the evolution of 0 2 , caused either 
by the coagulation effect or by proteolytic action, seems to point to the de- 
naturation of some rather specific native protein or protein group in the leaf 
triturate. This specificity is noteworthy owing to the fact that pepsin 
shows no inactivation. No recovery has been noted after inactivation by the 
use of trypsin. Boiled trypsin has no inhibiting action. 

The triturated meal, upon standing in air or on being heated, becomes 
inactivated. The rate of inactivation is accelerated by a rise in temperature. 
This seems to indicate a chemical reaction, but does not specifically indicate 
whether a protein is being denatured. The hydrogen ion concentration in- 
activation curve has the same form as an enzyme hydrogen ion concentra- 
tion curve. This indicates an enzyme reaction and the enzyme may be pro- 
tein in nature. Also, the fact that leaves may be heated to a higher tem- 
perature when dry than when moist before inactivation occurs, points to a 
fact that fits in with the finding that some proteins behave as if there is 
coagulation in the ease of freezing or dehydration, but no denaturation, or 
the molecules do not change in structure. There is, of course, the possibility 
of reversible denaturation in such a case. 

The fact that shaking with fine glass beads inhibits the evolution of 
oxygen fits with the inactivation of some proteins by surface phenomena. 

The proof of the existence of a “Blackman reaction' ’ as well as a photo- 
chemical phase in the reactions of carbon fixation by the green plant is not 
out of line with the idea that a protein may participate in the mechanism as 
a part of the Blackman or the photochemical phase. 

On the one hand, if the chlorophyll pigment as we know it in the pure 
form is associated with a protein in chemical combination, either the same 
protein exists in most green plants, or there is a specific active group com- 
mon to many proteins, or there are a number of proteins to which the chloro- 
phyll may be combined, or there are a number of chlorophylls in green plants. 
If, on the other hand, proteins merely act as carriers without sufficient bond- 
ing strength to enable one to extract the prosthetic group and the proteins 
together, or if the proteins merely give surface to the chlorophyll pigment, 
then coagulation with denaturation of the proteins could just as well serve 
as an inhibiting factor in the release of oxygen. The same may be true if 
the carbon dioxide, which is the most probable source of the free oxygen, is 
bound chemically with or absorbed on a protein which would be denatured 
by various treatments. While convincing experimental evidence is not at 
hand, it seems that chlorophyll is most probably to be considered as a kind of 
“prosthetic group" which when in the green plant is combined with an 
associated carrier. The work by Kuhn and Budy (4) in which a catalyti- 
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cally active fiavoprotein was formed is most suggestive and from the biolog- 
ical standpoint provides a method of attack which offers much promise. 
The work of Stern and Salomon (8) on ovoverdin suggests other possible 
applications to chlorophyll studies. French (2) considers a pigmented cell 
extract obtained from Streptococcus varians by high frequency sound waves 
to be a chromoprotein. There is certainly some reason to conceive of com- 
bining (chemically or by adsorption) extracted chlorophyll, which is photo- 
sensitive, with a carrier which can be sensitized and through this arrange- 
ment of radiation, prosthetic and carrier group account for the absorption 
and reduction of C0 2 . 

A similar system such as is postulated for the visual purple mechanism 

light 

is not so fantastic even though speculative. Native visual purple 

dark 

denatured visual purple (visual yellow) ~ t denatured protein retinene. 
If there is such a protein sensitization by some substance similar to retinene 
(in this case, perhaps chlorophyll or carotenoids), the protein or protein 
complex probably has a higher energy of activation than that of the visual 
purple mechanism but a lower energy of activation than most proteins. 

The most serious difficulties apparent here are the lack of the true chem- 
ical structure of chlorophyll, especially as found in the cell, and the ignorance 
of the cellular metabolic reactions certainly necessary before the final reac- 
tions of the mechanism can take place. It is quite probable that studies of 
rates of reaction as measured by the evolution of 0 2 or absorption of C0 2 are 
only the final steps in a long series of chain reactions. That the photosyn- 
thetic mechanism is a part of some of the basic physical and chemical reac- 
tions within the living cell is hard to refute with the evidence available. 

"While much work has been done which has led a number of workers to 
conclude that the enzyme catalase, a protohematin protein-complex, plays 
a part in the release of oxygen from some organic peroxide, this particular 
part of the mechanism seems to lack sufficient proof and may be too simple. 
Emerson and Green (1) have recently reported work which failed to lend 
support to such a concept. From the work of Molisch (6) and Inman (3), 
there is much more conclusive evidence that there is an enzyme (probably a 
native protein-complex) participating in the mechanism of photosynthesis 
but whether this has anything to do with catalase or an organic peroxide is 
still not clear. Some of the data on the evolution of oxygen, especially with 
dehydration at 30° C. fit in with Mirsky’s and Pauling’s conception of 
coagulation and denaturation. 

The probability of protein sensitization playing a part in some phase of 
the photosynthetic reactions is not to be dismissed without much further 
study. If some organic molecular complex somewhat similar to the visual 
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purple mechanism is involved along with the chlorophyll this would render 
the task of the reduction of carbon dioxide in vitro even more precarious 
until some agent can be found which will combine chemically with carbon 
dioxide or absorb it in such a manner that it becomes activated by visible 
light (see Spoehr, 7). The same fact might be true for the water molecule. 
There seems no good reason to assume that visible radiation directly activates 
either carbon dioxide or water since they do not absorb to any extent in the 
visible region of the spectrum. However, it is certainly possible that water 
or carbon dioxide or a combination of the two, when associated with chloro- 
phyll which absorbs visible radiation, might become activated and enter into 
chemical and photochemical reactions one of which could be the release of 
oxygen. 

Antioch College 

Yellow Springs, Ohio 

LITERATURE CITED 

1. Emerson, R., and Green, L. Nature of the Blackman reaction in photo- 

synthesis. Plant Physiology 12 : 537-545. 1937. 

2. French, C. S. The chromoproteins of photosynthetic purple bacteria. 

Science n.s. 88 : 60-62. 1938. 

3. Inman, 0. L. The evolution of oxygen in the process of photosynthesis. 

Cold Spring Harbor Symposia on Quant. Biol. 3 : 184r-190. 1935. 

4. Kuhn, R., and Rudy, H. Katalytische Wirkung der Lactoflavin-5-phos- 

phorsaure ; Synthese des gelben Ferments. Ber. d. chem. Ges. 69 : 
1974r-1977. 1936. 

5. Mirsky, A. E., and Pauling, L. On the structure of native, denatured, 

and coagulated proteins, Proc. Nat. Acad. Sci. 22 : 439-447. 1936. 

6. Molisch, H. Tiber Kohlensaure- Assimilation toter Blatter. Zeitschr. 

Bot. 17: 577-593. 1925. 

7. Spoehr, H. A. Annual report of the chairman of. the division of plant 

biology. Carnegie Inst, of Washington Year Book 35: 195-230. 
1935-1936. 

8. Stern, K. G., and Salomon, K. Ovoverdin, a pigment chemically re- 

lated to visual purple. Science n.s. 86 : 310-311. 1937. 


BRIEF PAPERS 

HERITABLE VARIATIONS IN CHLOROPHYLL 
J, C. Ireland 
(WITH ONE PLATE) 

A spectrographic record of chlorophyll extracts is offered to replace the 
uncertain terms used to describe the degrees of greenness of leaves of grain 
sorghums in making inheritance studies. Chlorophyll deficiencies are de- 
scribed as albino, virescent, golden, mottled, striped, and with other words 
implying heritable characteristics ( 2 ). It has been found that some varie- 
ties of kafir after several generations of inbreeding have a percentage of 
virescent seedlings. Later developments of the plants show that many of 
them have an increase of concentration of chlorophyll over the normal plant 
and that very definite bands appear in spectrographic records. Continued 
sampling throughout the entire growing period during the last three seasons 
has revealed some interesting variations in the different strains. 

Methods 

From June to October, each Monday at 9 a. m., collections were made 
from ten head-to-row plantings. One-gram samples were weighed and 
ground in coarse sand. The small amounts of leaf material were used to 
secure uniformity during the early growing period, because seedlings were 
obtained at a very early stage. After grinding, 20 cc. of 95 per cent, alcohol 
was added to extract the chlorophyll, and the mixture was filtered after 4 
hours. Ordinary glass test tubes were used as containers, but the tubes were 
marked and the samples were filtered into their respective tubes each week. 
Photronic cell readings (3) of the solution were made to determine the den- 
sity and to make possible a comparison with Guthrie's (1) standard 
solution. 

A grating spectrograph was used, with a no. 1 photoflood bulb mounted 
in a microscope lamp stand as the source of light. The photoflood lamp 
provides a fairly uniform source of white light. Dufaycolor film was used 
to record the color, and it was processed immediately after the exposures 
were completed, following the directions provided by the manufacturer of 
the film. Exposures of the film were made for thirty seconds for each sam- 
ple. The first exposure was that of distilled water, followed by Guthrie’s 
solution, then the ten chlorophyll samples. This routine was followed each 
week during the seasons. 

A Zeiss hand sugar refractometer was used to determine the sugar con- 
centrations after the nodes appeared and sugar became sufficiently concen- 
trated to make readings. The juice expressed upon the plate of the refrac- 
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tometer from the fresh pulp represents a comparatively accurate estimate 
of the sucrose in the sap. 

Results 

Plate IY indicates the results of 1936 and 1937 spectographic records. 
Table I lists the various selections of sorghums used in the determinations of 
the seasons. 

TABLE I 

Sorghum varieties 
Chlorophyll and sugar content 
1936-1937 


Plate I 
spectro- 
graphic 

NO. 

Variety of Hybrid 

1936 

1937 

Chloro- 

phyll 

Pho- 

tronic 

Sugar 

Per 

CENT. 

Cpiloro- 

phyll 

Pho- 

tronic 

Sugar 

Per 

cent. 

h 2 o 

Distilled water . ; 

00.0 

00.0 

00.0 

00.0 

Ck 

Guthrie’s solution 

12.8 

00.0 

10.5 

00.0 

1 and V 

Blackhull X Red Darso 

13.3 

12.2 

10.6 

9.9 

2 and 2' 

Beed X Milo 

12.7 

11.3 

10.4 

11.3 

3 and 3' 

Blackhull X Japonica 

14.6 

12.2 

11.1 

10.2 

4 and 4 7 

Red Darso X Blackhull 

14.1 | 

ii.i 

10.6 

10.5 

5 and 5 7 

Pearl 

15.9 

11.3 

11.2 

11.5 

6 and 6 7 

Red Kafir X Darso 

14.8 

11.2 

10.5 

9.9 

7 and 7 A 

Red Kafir X Darso 

14.0 

11.9 

10.6 

9.1 

8 and 8 7 

Blackhull X Japonica 

12.9 

12.3 

10.1 

13.1 

9 and 9 7 

Blackhull 

13.3 

12.1 

10.4 ■ 

9.6 

10 and 10' 

Black Amber X. Durra 

13.8 

12.9 

10.7 

7.5 


It may be observed that the 1936 concentrations are generally higher 
than those of 1937, as indicated by the photronic cell readings. The spec- 
trographic records of rows 2 and 2', 9 and 9", and 10 and 10' do not seem to 
be determined by the intensities of chlorophyll. Rows 5 and 5' indicate a 

EXPLANATION OF PLATE IY 
Spectrographic comparison of chlorophyll extracts 


HoO Distilled water in test tube. 

Check .V...,-. i ,.....ry....GuTHRiE ’s solution. 

1 and 1 / Blackhull X Red Darso. 

2 and 2 / ... Reed X Milo. 

3 and 3' X Japonica. 

4 and ..............Red Darso X Blackhull. 

5 and 5' Pearl. 

6 and 6' Red Kafir X Darso. 

7 and V ..........Red Kafir X Darso. 

8 and 8' Blackhull X Japonica. 

9 and 9' Blackhull. 

10 and 10' Black Amber X Durra. 



7 ' Se ^, 
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considerably higher concentration and lack the yellow and red extensions in 
the spectrographic record. Since these bands are duplicated in successive 
generations, regardless of concentrations, it may be assumed that they are 
due to heritable characters. 

It may be observed that the chlorophyll and sugar values for 1937 are 
lower than those of 1936. The chlorophyll readings with the same photronic 
cell may be lower because of some deterioration of the cell, but the sugar 
differences are probably caused by variations in the supply of moisture. 

Summary 

The spectrographic variations in the chlorophyll extracts of grain sor- 
ghums are continuous throughout a season and in two generations. The con- 
centration of chlorophyll and of sugars does not correlate with the widths of 
spectrographic bands. 

Oklahoma Agricultural Experiment Station 
Stillwater, Oklahoma 
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NICOTINIC ACID AND THE GROWTH OP ISOLATED 
PEA EMBRYOS 1 

James Bonner 

In earlier publications (2, 3) it has been shown that a number of differ- 
ent chemical substances function as “ growth factors’ ’ for the isolated pea 
embryo. These accessory growth factors or their precursors are normally 
stored in the cotyledons whence they are mobilized by the seedling plant 
after germination of the seed. For extensive growth in vitro of the “coty- 
lectomized” embryo, however, these growth factors as well as the ordinary 
foods must be supplied in the nutrient medium. By the use of a technique 
for the in vitro cultivation of isolated pea embryos in the dark, it has thus 
been shown that vitamin Bi, ascorbic acid, pantothenic acid, and theelin, all 
function as accessory growth factors for the seedling plant (2, 3). Evidence 
will be presented here which indicates that nicotinic acid, known to be a 

i Report of work carried out with the aid of the Works Progress Administration, 
Official Project no. 465-03-3-342, Work Project no. N-9199. 
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component of the vitamin B complex and to be indispensable to the growth 
of certain microorganisms (5), is also a growth factor for the pea seedling. 

Peas of the variety Perfection were sterilized in 0.1 per cent. HgCl 2 and 
were then soaked in sterile water for 6 hours. At the end of this time the 
embryos were cut from the cotyledons and were transferred to 50-cc. Erlen- 
meyer flasks containing 15 cc. of the pea nutrient medium described else- 
where (1, 2) which contains, in addition to inorganic salts, only 4 per cent, 
sucrose and 1 per cent. agar. All of the operations were, of course, carried 
out under sterile conditions and the few cultures which subsequently showed 
infection were discarded. To the basic nutrient medium was added the 
desired amount of accessory growth factor, in this case nicotinic acid or 
vitamin Bi, or both. The cultures were kept in a controlled dark room at 
24° C. and the shoot length of each plant was recorded weekly for 4 weeks. 

Table I gives the result of two parallel experiments which were closely 
comparable and which have been combined in this table. 


TABLE I 

Effect of nicotinic acid and of vitamin B x on the shoot growth of 

ISOLATED PEA EMBRYOS 


Added growth 

NUMBER 

OF EMBRYOS 
GROWN 

Shoot length after 

FACTOR 

1 WEEK 

2 WEEKS 

3 WEEKS 

4 WEEKS 



mm. 

mm. 

mm. 

mm. 

None (control) 

Nicotinic acid 

40 

15 

22 

26 

28 

0.01 mg./flask 

Vitamin B 3 , 

40 ^ 

17 

25 

32 

37 

0.01 mg./flask 

Nicotinic acid 

40 

22 

32 

40 

49 

+ vitamin B x , 

each. 0.01 mg./flask 

40 

CO 

cq 

rtf 

CO 

50 

68 


The control embryos to which no accessory growth factor is added are 
able nevertheless to grow somewhat under these conditions. This is un- 
doubtedly to be attributed in part to the growth factors which the embryo 
contains as it is isolated from the cotyledons, and in part to a limited capac- 
ity of the embryo to synthesize some growth factors from the constituents 
of the basic medium (3). If 0.01 mg. of nicotinic acid per culture flask is 
added to the medium, the growth of the shoot is somewhat accelerated, and 
after 4 weeks the plants supplied with nicotinic acid are one third taller than 
the controls. Yitamin Bi at the same concentration in the medium exerts 
a considerably larger effect upon the growth of the shoot, and the further 
addition of nicotinic acid, as shown in the last line of table I, further 
enhances this effect. 
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It is now well established that vitamin B 1 in its role as a plant growth 
factor influences primarily the root (1, 2), and the effect of this substance 
upon the growth of the shoot is probably then the result of its influence on 
the root system. It is of interest therefore to determine what influence nico- 
tinic acid exerts on the growth of the root. This was investigated by means 
of experiments in which nicotinic acid was added to the nutrient medium 
in which isolated pea roots were grown in vitro. 

Tips were cut from the roots of seedling peas and were grown for one 
week in vitro in order to deplete them of their initial supply of vitamin B x . 
At the end of the week, fresh tips 1 cm. long were cut from these roots and 
transferred to fresh medium with added growth factors as shown in table II. 


TABLE II 

Effect of nicotinic acid and of vitamin B t on the growth of isolated 

PEA ROOTS 


Added growth 
factor 

Number of roots 

GROWN 

Total length after 

1 WEEK 

None (control) 

40 

mm . 

21 ± 0.5 

Nicotinic acid 

0.01 mg./15 cc 

40 

21 ± 0.6 

Vitamin B x 

0.01 mg./15 ee 

40 

48 ± 1.1 

Nicotinic acid 
+ vitamin B,, 

each 0.01 mg./lo cc 

40 

56 ± 1.0 


It may be seen from table II that nicotinic acid alone exerts no effect on 
the growth of the isolated pea root. It does, however, increase somewhat the 
response of the root to vitamin Bi. It may be, therefore, that the effects of 
nicotinic acid upon the growth of the shoot, as shown in table I, are primarily 
due to effects of this substance upon the root itself. 

Nicotinic acid and/or closely related derivatives are known to occur 
widely in natural products: in leaves, seeds, yeast, etc. (4). It might be 
suspected a priori that this general distribution indicates a function of nico- 
tinic acid in higher plants. Prom the evidence presented in this paper it 
may be tentatively concluded that this is indeed the case. 

William G-. Kerckhoff Laboratories of the Biological Sciences 
California Institute of Technology, Pasadena, California 
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EFFECTS OF FLUE DUST ON THE GROWTH OF SUNFLOWER 
AND GOLDEN WAX BEAN 
Barney Barnett Cohen 

have^een^few^nd 0 ^ 61-111 ^ ^ influenee of flue dust on P lant growth 
1915 thA Tn-n, 1 „ m most eases re P°rted by foreign investigators. In 

ZU* So t,‘ y - 01 Chemical Indmtry (5) rei,OTts “ 

none were found AA" AA Substances and includes that 

Kaliasch Iron Works the A A AA analyzmg samples of dust from the 
ent was sufficient to reduAA A A- Pontage of chlorides pres- 
suo-o'ocfpu + n duce the fertilizing value of flue dust. Voelcker (9) 

slum present but^^ff* 8 ^^ be demanded aot onl y the potas- 

experiments with wheat plant Th t f^fT' ^ reP ° rtS (10) “ 
was to be considered k A A A f 0t ° nly tbe P ereenta g e of Fe present 
ferric state. Vlasyak ) S jY- 'A A" %** “ ferr ° US ° r 

that dusts with not m 0 r « A A? ° f “ dUSt and f ° Und 

beets. ° re tban 4 per cent - alkalies are suitable fertilizers for 

Mills, ChLg^taTutr^A 116 "’ dUe dust . from tt e Wisconsin Steel 
Golden Wax beans we™ m varymg Proportions m the soil. Sunflowers and 

portions of flue dust an AT 11 ™ theS6 S ° llS wMcb eontained varying pro- 
behavior. The analysis of ° Ser J atloas and rec °rds were made of growth 
Mills, is as follows: * tbe flllS dust ’ supplied by the Wisconsin Steel 


F e ... 

C 

Si 

CaO 
Al 2 0 3 
Mg .... 
MgO 
B 


50.34 

11.53 

10.83 

3.20 

2.76 

0.67 

0.41 

0.246 


per cent. 
6 6 6 6 

6 6 6 6 
6 6 6 6 
6 6 6 6 
6 6 6 6 
6 6 6 6 
6 6 6 6 
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Procedures 

The sunflowers and Golden Wax beans were grown in glazed pots, six 
being used for each test. One pot, with soil only, was used as a control. The 
second contained a mixture of one thousand parts of soil to one part of 
dust ; the third, ten parts of soil to one part of dust ; the fourth, one part of 
soil to one part of dust ; the fifth, one part of soil to three parts of dust ; and 
the last flue dust alone. The above proportions of dust and soil were thor- 
oughly mixed before being placed in the pots. The plants were watered at 
two day intervals with tap water, and, observations were recorded from day 
to day. 

Dry and green weights of the sunflower (table I), and number and 
weights of the fruits of the bean (table II) were recorded. Typical results 
have been selected as a basis for comparison. 


Data and results 
TABLE I 

Dry and green weights of sunflower 


Soil used 

Soil 

only 

1000: 1 

10: 1 

1: 1 

1: 3 

Dust 

only 



gm. 

gm. 

gm. 

gm. 

gm. 

gm. 


Top 

23.00 

31.00 

14.9 

12.00 

5.00 

0.84 

Dry weight 

Root 

2.44 

3.26 

1.02 

.83 

.351 

0.091 


Total 

25.44 

34.26 

15.92 

12.83 

5.351 

0.931 


Top 

129.0 

180.2 

124.0 

112.3 

34.0 

6.100 

Green weight 

Root 

10.2 

21.0 

7.3 

5.7 

3.1 

.930 


Total 

139.2 

201.2 

131.3 

118.0 

37.1 

7.03 


TABLE II 

Yield of Golden Wax been fruits 



Soil 

ONLY 

1000: 1 

10: 1 

1: 1 

1: 3 

Dust 

ONLY 

Number of fruits 

t 24 

23 

21 

18 

10 

None 

Weight, grams 

36.15 

36 

20.3 

21.1 

11.1 



Results obtained with Golden Wax bean indicate that in excess of 10 per 
cent, flue dust, anomalous growth effects were noticeable, and became more 
pronounced with increasing concentrations. Chlorosis of the lower leaves, 
stunting, delayed flowering, and reduced size and number of fruits were 
some of the observed results of disturbed metabolism. The growth of the 
Golden Wax bean in complete flue dust was very meager. 

With the sunflower, results of a different nature were obtained. In the 
mixture of one part dust to one-thousand parts of soil, which is comparable 
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to additions of fertilizers, increased yields were obtained. As in the Golden 
"Wax bean, concentrations in excess of 10 per cent, showed decreased growth 
and chlorosis. 

Discussion 

The induced chlorosis may be accounted for by two factors: first, the 
excess of Fe present and, second, the alkalinity of the soil. Marsh and 
Shive (6) believe that the concentration of soluble Fe above the optimum 
may result in a condition in which the plant is unable to use the Fe present 
and so suffers from deficiency even in the presence of extremely high Fe 
concentrations. 

Of course, the possibility of deposition of insoluble Fe in stem and root 
tissues might cause failure of translocation of Fe within the plant. This 
seems improbable, however, since mierochemical tests (7) have shown Fe to 
be present in upper and lower parts of the bean stem. 

The high alkalinity of the flue dust is probably an important factor in 
inducing iron chlorosis. The results of 4 tests showed pH values of 7.9, 
7.9, 8.0, and 7.9. Experiments conducted by Jones (3) and Jones and 
Shive (4) indicate that the decrease of pH from 4.8 to 4.2 increased the 
availability of Fe when supplied in the form of ferric phosphate. 

Hopkins and Wann (1, 2) have observed also that in Chlorella Fe was 
unavailable at high pH values. 

The increased growth of the sunflower in the second pot indicates that 
this plant is able to utilize the abundance of essential elements provided in 
the flue dust and at the same time tolerates the high pH value resulting 
from its application in quantity. 

Conclusions 

1. Flue dust, in concentrations in the soil greater than 10 per cent., has 
a decided effect in reducing the yield of fruits of the Golden Wax bean. 

2. In concentrations in the soil ranging near 0.1 per cent, it has a 
decidedly favorable effect on the growth of the sunflower. 

3. In concentration in the soil above 10 per cent., it has a depressing 
effect upon the growth and yield of the sunflower. 

4. Sunflower and Golden Wax bean grown in complete flue dust show 
meager growth, the effect being more pronounced in the case of the bean. 

The writer wishes to express his appreciation to Dr. C. A. Shull for 
suggestions in connection with this problem. 

The University of Chicago 
Chicago, Illinois 
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EFFECT OF SUN AND SHADE ON PIGMENT DEVELOPMENT 
William A. Beck 

In a preliminary experiment which preceded a study of seasonal varia- 
tions of pigment production in field plants, the writer obtained interesting 
results regarding the effect of sun and shade on the production of pigments 
in plants. 

The work was done in the first week of June, 1936. It was a sunny season 
and the plants were vigorous. Plantain ( Plantago major L.) was chosen 
because specimens could be found in sunny and shady places not far re- 
moved from each other. The sun plants were taken near the top of a hill 
where the slope was slight, and the shade plants were taken from the woods 
on the same hill where the slope was about the same. Direct sunlight never 
struck the shade plants, but diffuse light was plentiful throughout the day. 
The plants in both places had not been disturbed or mutilated from the time 
of early Spring. The four youngest leaves were chosen for tests in both 
eases so that the leaves were comparable with respect to the age factor. 

It was previously reported by Jonsson, Lubimenko, Stalfelt, Rose, 
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Lundergardh, and Ursprung that more chlorophyll develops in plants that 
are shaded than in those that grow in sunny places. Nothing is stated in 
the literature, so far as the writer’s knowledge goes, about the relative 
amounts of xanthophyll and carotene which develop in direct sun light and 
in the shade. In the experiments reported here, simultaneous determina- 
tions of all three pigments were made for the plants growing in direct sun- 
light and in the shade. 

The comparison of the amount of pigment yielded by plants growing in 
the two places was made on the basis of leaf area, wet weight, and dry pulp 
weight. The results obtained by the area method were almost identical with 
those obtained with the method employing the weight of the dry pulp. 
Both were considerably different from the results obtained with the wet 
weight method because the plants growing in direct sunlight contained 
considerably more water than did the shade plants. 

The wet weight per cm. 2 of leaf area was 18.1 mg. for the shade plants 
and 22.8 mg. for the sun plants. The weight of the dry pulp for shade plants 
and sun plants was the same, i.e., 3.0 mg. per cm. 2 of leaf area. 

The sun plants contained 0.025 mg. of chlorophyll per cm. 2 of leaf area, 
and the shade plants 0.035 mg. The shade plants contained 40 per cent, 
more chlorophyll. The sun plants contained 0.0044 mg. of xanthophyll per 
cm. 2 of leaf area, and the shade plants only 0.0038 mg. The shade plants 
contained 13.6 per cent, less xanthophyll than the sun plants. The sun 
plants contained 0.00081 mg. of carotene per cm. 2 of leaf area and the shade 
plants 0.000828 mg. The shade plants contained slightly more carotene than 
the sun plants. 

The results of the experiment show that direct sunlight favors the stor- 
age of water in the plantain, which reminds one of the water storage by 
succulent plants. The development of chlorophyll is considerably favored 
by shaded conditions; the same conditions slightly favor the development of 
carotene. The development of xanthophyll is slightly favored by sunny 
conditions. 

INSTITUTUM DlVI THOMAE 

Cincinnati, Ohio 
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TEACHING METHODS 1 IN PLANT PHYSIOLOGY 
Charles J. Lyon 

At the animal meeting of the American Society of Plant Physiologists 
held at Indianapolis in December, 1937, the programs closed with a sym- 
posium on teaching methods in plant physiology. The chairman, Dr. 
Charles A. Shull, of Chicago, introduced the speakers and led the discus- 
sion after the papers had been presented. Prepared papers were read by 
Dr. Otis F. Curtis, of Cornell, Dr. F. G. Gustafson, of Michigan, and Dr. 
B. S. Meyer, of Ohio, all teachers of large classes in large universities, and 
Dr. Charles J. Lyon, of Dartmouth, who has small classes in an Arts Col- 
lege. The good attendance indicated a real interest in the seminar because 
it was scheduled as the last session of the society of plant physiologists, with 
everybody tired. 

Each of the four speakers introduced by the chairman used about twenty 
minutes to explain the ideals and procedure by which plant physiology is 
taught at the institutions represented. Of the three objectives we outlined 
at Kingston, the information angle was assumed and the scientific attitude 
was emphasized only as the speakers showed how it is encouraged by oral 
discussions that promote accurate thought and logical reasoning. Each 
teacher described the mechanics of his course, the nature of the students and 
the level at which the topics are treated in the general, elementary course. 
There was marked agreement in most respects. The greatest differences 
appeared between the college and the university, and in the emphasis which 
individual teachers place upon such points as write-up of experiments, the 
preparation of solutions, the use of text assignments, and the critical inter- 
pretation of experimental results. No one claimed that his classes performed 
accurate, quantitative experiments, dipped far into chemistry, or covered 
the field of plant physiology. Semester courses were the rule, with the under- 
standing that future plant physiologists need further training in advanced 
courses. 

Some of the practices mentioned by the speakers are indicative of current 
trends. At Michigan, Dr. F. G. Gustafson has a class of 25 to 40 with a 
mixture of forestry, horticulture, and Ph.D. interests. The course has a 
schedule of 8 hours per week that allows him to start with growth and have 
the students carry their own plants throughout the semester. The laboratory 
experiments are written up in full, but the results are also used for unan- 
nounced group discussions during laboratory hours. At Ohio State, Dr. 
Meyer has a class that runs very large — 100 or more — for the two-quarter 
course (22 weeks). The students have a great variety of interests, with 

* Abbreviated from a report to the New England Section at Orono, Maine, May 13, 
1938. 
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agriculture predominant. The course is of necessity carefully planned about 
a series of selected assignments, lectures, and group discussions at crucial 
moments, and the printed laboratory manual with which you are familiar. 

The story of a class of 6 or 8 Dartmouth men, handled by a modified 
tutorial system, contrasted with the accounts for Ohio and Michigan before, 
and with that for Cornell to follow. Emphasis was placed on the shortage 
of enthusiasm for a complex subject like ours, the total lack of a supporting 
graduate or professional training school, and the usual difficulties in provid- 
ing the expensive quarters and equipment for a relatively, unimportant 
elective course in a biology department. The general procedure of lecture 
following an organized but informal laboratory study pf a topic was distinc- 
tive because it was so unlike the methods described for university courses. 
Oral examinations outside of class hours were mentioned as another instance 
of special devices that are possible in small classes. 

At Cornell the semester course is taken by 50 to 70 students in laboratory 
sections that are limited to 24. In spite of the large enrollment and the need 
for a highly organized procedure, Dr. Curtis emphasizes the scientific method 
and the critical interpretation of experimental evidence. Class experiments 
are limited to simple combinations of plants and apparatus, designed or 
selected to make the student learn a maximum number of principles with a 
minimum number of laboratory hours. Probably all teachers would claim 
the same objective but from all available evidence it appears that Dr. Curtis 
has given the point rather more attention than other teachers whose methods 
have been described in detail. 

The one method emphasized by the three university teachers and used 
in different form by the other speaker at Indianapolis, is the problem ques- 
tion as the basis of class discussion. Dr. Curtis, Dr. Gustafson and Dr. 
Meyer pass out mimeographed sheets of questions and require the students 
to work out the answers. Many of the questions are only the usual review 
questions, such as : 

What conditions affect stomatal movement? or, 

What are the differences between fermentation and respiration ? 

The other type of question is considered more nearly ideal for teaching stu- 
dents useful plant physiology. Here are a few examples : 

What occupies the space between the protoplasm and the cell wall when 
a cell is plasmolyzed by a sucrose solution ? 

Cells on the convex side of a bending shoot were found to have a lower 
osmotic concentration, a lower turgor pressure and a higher suction tension 
than corresponding cells on the concave side of the same stem. What explana- 
tion can you offer ? 

In using a burette respirometer containing germinating seeds, what is 
measured by the change in level of the hydroxide solution? 

If you wished to hasten the removal of carbohydrates from a given leaf, 
how could you do it? 
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Following a brief summary by Dr. Shull, the open discussion of the 
evening was free and lively but it included a variety of unrelated matters 
and most of the questions were left unsettled. They included : definition of 
osmotic pressure; level vs. content in elementary courses; value of having 
the student grow experimental plants ; use of fungi for experiments ; and the 
possibility of students doing work in the nature of original research. Only 
the necessity of connecting with late trains stopped the session at this point ; 
but for some reason the point of problem questions was not brought up again. 
To me this appeared to be the most important single method described dur- 
ing the symposium. Essentially it is the assignment of a topic for the student 
to explain. 

As I have thought about it since, I am so impressed by its possibilities, 
its theoretical values, its adaptability to different institutions and also by 
its limitations, that I have suggested it to the officers of this section as a topic 
for the next symposium we conduct in the field of teaching methods. 

Department of Biology 
Dartmouth College 




NOTES 


Ottawa Meeting. — The summer meeting of the American Society of 
Plant Physiologists was held at Ottawa, Canada, June 28 to 30, 1938. Joint 
sessions were held with the American Phytopathological Society, and the 
Genetic Society of America. In the first of these joint meetings microele- 
ments and deficiency diseases were emphasized in studies of boron defi- 
ciency, spectrographie methods of detecting microelements, histological and 
eytologieal changes accompanying microelement deficiencies, and studies of 
thallium in relation to frenching. The symposium on microelements also 
considered the relation of trace elements, including iodine, copper, cobalt, 
manganese, and toxic levels of selenium and fluorine, to animal physiology. 

In the second symposium, which occupied all of June 29, drought rela- 
tions were the subject of discussion. The morphology and physiology of 
wheat plants grown with reduced water supply were given detailed con- 
sideration, and the similarities and differences between drought and frost 
resistance were discussed. Transpiration and lag in water absorption to 
meet the transpiration demand were emphasized, the lag being ascribed to 
resistance in the root tissues rather than in the stems. The water economy 
of trees in relation to drought also received attention, and the effect of culti- 
vation on soil moisture relations. During the afternoon, methods of breed- 
ing drought resistant plants were reviewed, with special reference to wheat 
breeding and crosses between Triticum and Agropyron, and studies of the 
roots of wheat and other field crops. Apparatus for studying drought 
resistance under controlled conditions was described. 

The Thursday morning session was given over to short reports of investi- 
gations of general interest. Assay methods for growth promoting sub- 
stances, progress in the practical utilization of hormones, limiting concen- 
trations of S0 2 for plant development, and the effect of S0 2 on the growth 
of conifers, apparatus for light, temperature and humidity control, and 
studies of cell permeability in relation to fungus parasites were among the 
topics presented. 

On Tuesday afternoon a visit to the Central Experimental Farm at Ottawa 
was enjoyed by all of the plant science groups. In connection with this 
inspection trip, all visitors were guests of the Farm at a tea later in the 
afternoon. Thursday afternoon afforded opportunity to visit the labora- 
tories of the National Research Council. Visitors were conducted through 
these laboratories by Dr. Robert Newton, Director of the Division of Biol- 
ogy and Agriculture. 

On Wednesday, at noon, the society luncheon was held at the Chateau 
Laurier. Short talks were made by president 0. F. Curtis, vice-president 
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elect George W. Scarth, and past presidents Burton E. Livingston and 
W. E. Tottingham. Dr. Robert Newton served as toastmaster. 

This was the eighth summer meeting, and was a very successful and 
satisfactory one, thanks to the efficient service of the program committee 
headed by George W. Scarth, of McGill University. The reports of the 
secretary-treasurer, Dr. F. P. Cullinan of the United States Department 
of Agriculture, showed healthy and steady progress in support. 

Richmond Meeting. — The fifteenth annual meeting will be held at Rich- 
mond, Virginia, on December 28 to 30, 1938. The Hotel Jefferson has been 
designated as headquarters, and the meeting rooms for the sessions are 
located in the same hotel, a most satisfactory arrangement. The usual prac- 
tice of holding the annual dinner on the first day, December 28, will be 
followed and the program committee requests that members and friends 
secure their tickets for the dinner promptly on arrival at the time of regis- 
tration. The dinner is open to all who care to attend, and the announce- 
ment of the award of the Charles Reid Barnes life membership, the 
Hales award, and the retiring president’s address will make the occasion 
memorable. A session devoted to the problems of teaching plant physiology 
is planned for the closing hours on Friday. 

Dedication. — This number of Plant Physiology is dedicated to Profes- 
sor Francis Ernest Lloyd in honor of his seventieth birthday anniversary 
on October 4, 1938, as a mark of our deep appreciation of his life-long ser- 
vice to plant physiology, and of his early service to the American Society of 
Plant Physiologists as president of the society. The following appreciation, 
prepared by Professor Lloyd’s long-time colleague at McGill University, 
will find an echo in the hearts of everyone who has had the privilege of 
knowing Professor Lloyd and his important contributions to science. Pro- 
fessor Lloyd was awarded the second Charles Reid Barnes life membership 
in the society at the Nashville meeting in 1927 in recognition of his valu- 
able work. 

Francis Ernest Lloyd. — The career of emeritus Professor F. E. Lloyd, 
who reached the age of 70 on October 4th, displays versatility and breadth 
of interest as well as an occasional radical change of outlook which may be 
compared to conversion. Indeed it was this experience in the orthodox 
sense of the term that sent Lloyd as a young man to Princeton to study for 
the ministry ; but soon another change of heart turned his enthusiasm from 
theology to biology. In his earliest publications he appears as a biologist of 
the old school; catholicity of interest is reflected in the subjects dealt with, 
viz,, boring molluscs, bits of anatomy and taxonomy, and, in a more impor- 
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taut paper, the embryology of the Rubiaceae. Some glimmerings of a new 
light are seen in this last paper which gives to the anatomical facts a physio- 
logical explanation. But Lloyd’s road to Damascus only brought him to 
the crisis when he reached the Arizona desert. ‘ ‘ Those were the days, ’ ’ the 
early days of the Tucson laboratory, the stimulation of its physical and 
mental atmosphere and the new vision which converted our old-fashioned 
botanist into an ultra-modern physiologist, one to whom teleology was anath- 
ema and mechanism an inspiring creed! The Physiology of Stomata pub- 
lished at this period is notable not only for its positive contributions to the 
knowledge of stomatal mechanism but also for the iconoclastic glee with 
which the teleological assumption of perfect regulation of transpiration by 
stomata is discredited. As was predicted by Francis Darwin at the time, 
this work proved highly stimulative and it is perhaps the most quoted of all 
Lloyd’s publications. 

The new recruit to physiology was soon marching in the van of the move- 
ment, applying biophysics' to the physiology of the cell. In this strain is 
his work on the fate of tannin during the ripening of fruits — not oxidation, 
he found, but adsorption by another colloid; and again on the growth of 
pollen tubes in acid and alkali which he showed to run parallel to the swell- 
ing of gelatin. The biophysical approach became the evangel of his teach- 
ing and the elementary course in General Physiology which he developed in 
later days at McGill was even then a pioneering effort. 

Though a fundamentalist at heart Lloyd frequently entered the field of 
applied research. His monograph on Guayule and its methods of culture 
which formed the basis of later practical developments, and his correlation 
of boll-shedding of cotton with a sinking of the water table (under Alabama 
conditions, at least) are examples of direct attack on practical problems. 

But his best work dealt with topics of which the interest is primarily 
academic, such as the conjugation of Spirogyra, especially the role of con- 
tractile vacuoles in the process, and the varied functions of carnivorous 
plants, especially the trap mechanism of Utricularia. It is subjects such as 
these that particularly suit Lloyd’s talent — subjects possessing a certain 
dramatic interest and requiring for their study infinite patience, technical 
dexterity, and keen observation. Though early in the biophysical field, his 
training was hardly such as to enable him to push that type of investigation 
to the utmost — much to his regret. He is wont to say that his only training 
was listening to the dictum of his first and much beloved biology teacher, 
Professor George (“Pat”) Macloskie of Princeton University: “Nature 
is the highest authority.” This explains, perhaps, the seemingly erratic 
course which his researches have pursued. Ever questioning nature he 
followed whatever lead she gave him. He dipped wherever he saw a fish. 

One ruling passion, however, has persisted through all the turns and 
twists of Lloyd’s career, an insatiable curiosity to discover how a -mWo n-P 
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mechanism works. The same desire “to see the wheels go round ” that 
apprenticed Lloyd as a youngster to the watchmaking trade still burns 
strong in old age and infirmity as he probes the beautiful mechanism of the 
bladderwort trap. Nature is having her revenge ! The youth who scoffed 
at the adaptations of stomata has lived to become the mature interpreter of 
one of the most perfect and puzzling adaptations in the plant kingdom. 
Perhaps a final conversion is due ! 

Not the least of Lloyd’s contributions to physiological science is the 
arousing of public interest through his lectures. Possessed of a strong 
dramatic sense, he could tell the story of his researches with effect ; and 
artistically gifted, he illustrated his narrative with beautiful hand-coloured 
slides and motion pictures which are known the world around. 

Lloyd is a cosmopolitan. He has carried on research and given his lec- 
tures in all parts of North America, many European countries and all the 
continents. Now he enjoys a busy rest at Carmel, California, working daily 
in the old coastal laboratory of the Carnegie Institution of Washington 
amid scenes and associations that recall the days when physiology claimed 
him for her own. — George W. Scarth. 

Errata. — A small list of errors in volume 13 of Plant Physiology is 
printed at the close of the table of contents. It is advisable to record the 
corrections appropriately at the places where the errors occur, so as to avoid 
misinterpretations. The editor solicits the aid of all authors in detecting 
and correcting errors which occur in their papers. We do not have time to 
proof read the printed volumes, and appreciate the valuable aid extended 
by those who reported mistakes. 

Minor Elements. — Because of the rapid exhaustion of previous editions 
of the Bibliography of References to the Literature on the Minor Elements 
and Their Relation to Riant Nutrition, we are making a pre-publication 
announcement of the early appearance of a third edition of this invaluable 
reference bibliography. It is to be issued in January, 1939, by the Chilean 
Nitrate Educational Bureau, Inc., 120 Broadway, New York. As long as 
the supply lasts copies will be available at $1.00 per copy. This edition will 
carry about 4700 abstracts and references, and it is expected to be the last 
complete edition the Bureau will undertake to publish. Members are urged 
to place orders promptly with Mr. Herbert C. Brewer, Director, at the 
address given. Every member of the society should possess a personal copy 
of this annotated bibliography. 

Outlines of Biochemistry. — A welcome addition to the literature of bio- 
chemistry is the second edition of Dr. R. A. Gortner’s Oictlines of Biochem - 
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istry, published by John Wiley and Sons. The work has been carefully 
rewritten, and chapters added dealing with oxidation-reduction, the flavins, 
and the hormones. It is brought up to date in such progressive fields as the 
physiological chemistry of the vitamins, sterols, and other hormones. Plant 
physiologists would profit by making this splendid volume a daily com- 
panion. It is listed at $6.00 per copy. 

Chromosome Structure. — A new volume in the Protoplasma-Mono- 
graphien series, no. 14, is Dr. Lothar Geitler’s (University of Vienna) 
Chromosomeribau. It is a technical discussion of the structure of chromo- 
somes, presented in six chapters. It deals not only with the external fea- 
tures of chromosome morphology, but also with the microscopic and sub- 
microscopic structures. It is not intended for beginners, but for those 
already well versed in the knowledge of chromosomes, and their behavior 
in all kinds of cells. Cytologists and geneticists will find it valuable in 
bringing together and summarizing a large field. About 700 titles are in- 
cluded in the literature list. The work is well illustrated (69 figures) and 
is appropriately indexed. The quoted price, bound in red cloth uniform 
with other volumes in the series, is RM 15. Orders may be sent to Gebriider 
Borntraeger, Berlin. 

Leaf Xanthophylls. — An excellent monographic study of the leaf xantho- 
phylls has been published by the Carnegie Institution of Washington as 
Publication no. 490. The author is Dr. Harold H. Strain, of the Insti- 
tution. 

The introduction gives an account of the methods of separation of the 
numerous xanthophylls from one another, the molecular structure of the 
carotenes and xanthophylls, nomenclature, physiological functions, state of 
the pigments in leaves, and their oxidation in killed leaves. 

The following section deals with the principal properties of 13 carotenes 
and 30 xanthophylls. Three xanthophyll esters and 7 carotenoid acids are 
described, and a lone unclassified member, rhodovibrin. 

The experimental techniques require great skill, and involve extraction, 
isolation and separation in pure form, and determination of the main 
properties, such as absorption spectra, melting points, optical properties, 
empirical formulae, color reactions, microscopic examination, and quanti- 
tative estimation of leaf xanthophyll. 

The results of these examinations occupy the major portion of the mono- 
graph. Chromatographic adsorption has proved an invaluable aid in the 
separations. A frontispiece in color illustrates the method used in this 
work. The xanthophylls turn out to be mainly mono-, di-, tri-, and tetra- 
oxy derivatives of carotenes, with lutein the main constituent in a mixture 
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of a dozen or more xanthophylls in any given sample. Crystallization from 
petroleum ether prevents the main losses incident to the Willstatter and 
Stoll procedures. The entire monograph reflects the skill and patience 
with which the problems have been approached. The fact that only partial 
success has been attained, especially in the quantitative aspects of the work, 
emphasizes the difficulties encountered all along the line. The contribution 
is a very worthy one, and plant physiologists will be grateful for the insight 
which the publication gives into one of the difficult phases of plant bio- 
chemistry. A bibliography of 190 titles, and author and subject indexes 
make it useful in connection with past work. It deserves a place in the 
libraries of all who are interested in plant pigment chemistry. 
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